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ABSTRACT 
 
Water management is a serious issue that affects the performance and durability of 
PEM fuel cells. It is known, from previous experimental investigations, that surface 
wettability has influence on water behaviour and fuel cell performance. This finding 
has lead researchers to develop numerical tools for further investigation of the liquid 
water behaviour in gas channels. The Volume-of-Fluid (VOF) method has been used 
in a wide range of studies for its advantage of showing the multi-phase interface in a 
Computational Fluid Dynamics (CFD) simulation to understand liquid water 
behaviour in gas channels.  
In this thesis, numerical study has been carried out to examine the behaviour of 
liquid water in gas channels. The dynamic movement of the liquid water in the 
channel and the associated pressure drop, water saturation and water coverage of the 
GDL have been investigated. Firstly, flow diffusion into the GDL was examined to 
determine its effect on liquid droplet behaviour in a small section of a gas channel. 
Furthermore, the effects of the percentage of flow diffusion, GDL wettability, pore 
size, and water inlet velocity were investigated. Fluid diffusion into GDL found to 
have insignificant impact on liquid water behaviour so further investigations has 
been carried with a solid GDL surface. Secondly, gas channel geometry effect on 
liquid water behaviour was studied. Square, semicircle, triangle, trapezoid with a 
long base and trapezoid with a short base were compared to find suitable cross 
section geometry to carry wall wettability investigations. Among the examined 
geometries, the square cross section showed reasonable results for both scenarios of 
geometry design, fixed Reynolds number and fixed GDL interface.  
The effect of wall wettability was assessed by comparing nine different wall/GDL 
wettability combinations for straight and bend channels. Wall wettability found to 
have an impact on liquid water behaviour but not as much as GDL wettability. It 
affects liquid water saturation in the channel by a great deal by accumulating water 
in the channel edges affecting water behaviour. This was also proven in the last test 
case of a long channel where water accumulation was investigated by running the 
  iii 
calculation until the percentage of water saturation is stabilized. It is also concluded 
that changing wall wettability from hydrophobic to hydrophilic doubles the 
percentage of channel occupied by liquid water and increases the time to reach 
steady state. 
 
Keywords: Volume-of-fluid (VOF); Wall wettability, Proton exchange membrane 
fuel cell; Two-phase flow; Gas channel 
 
  
  iv 
 
 
 
 
 
 
To my parents 
To my wife and three little angels 
 
 
  v 
ACKNOWLEDGMENT 
 
I would like to thank my supervisors, Prof. Rui Chen and Dr. Salah Ibrahim, for their 
patience and support, for being my mentors and giving me the opportunity to 
undertake my doctoral studies at Loughborough University. I, also, would like to 
thank them for encouraging my research and allowing me to grow as a researcher. 
A special thanks to my family. Words cannot express how grateful I am to my father, 
mother and siblings for all the encouragement and support. Your prayers for me were 
what sustained me thus far. I would like to express appreciation to my beloved wife 
(Rehab) who spent sleepless nights and was always my support in moments of 
hardship. I would like to thank all of my friends who supported and motivated me to 
strive towards my goal. At the end I would like to express my thanks to my 
colleagues and research teammates for sticking with me and encouraging me to 
pursue my dream.  
Finally I want to acknowledge the Public Authority of Applied Education and 
Training (PAAET) of Kuwait for the financial sponsorship of my doctoral study at 
Loughborough University. 
 
 
 
 
 
 
  vi 
TABLE OF CONTENTS 
 
ABSTRACT ................................................................................................................. II 
ACKNOWLEDGMENT ................................................................................................. V 
TABLE OF CONTENTS ............................................................................................... VI 
LIST OF FIGURES ...................................................................................................... IX 
LIST OF TABLES .................................................................................................... XVII 
LIST OF PUBLICATIONS ......................................................................................... XVIII 
NOMENCLATURE .................................................................................................... XIX 
CHAPTER 1. INTRODUCTION ......................................................................... 1 
1.1 PROTON EXCHANGE MEMBRANE (PEM) FUEL CELL .......................................... 3 
1.1.1 PEM Fuel Cell Components ........................................................................ 4 
1.1.2 PEM Fuel Cell Performance ....................................................................... 6 
1.2 PEM FUEL CELL OPERATION MANAGEMENT ....................................................... 7 
1.2.1 Operational Parameter Management .......................................................... 7 
1.2.2 Thermal Management .................................................................................. 7 
1.2.3 Water Management ..................................................................................... 8 
1.3 MOTIVATION ..................................................................................................... 10 
1.4 SPECIFIC OBJECTIVES ........................................................................................ 11 
1.5 KNOWLEDGE CONTRIBUTION ............................................................................ 13 
1.6 THESIS OUTLINE ................................................................................................ 13 
CHAPTER 2. LITERATURE REVIEW ........................................................... 16 
2.1 EXPERIMENTAL ANALYSIS ................................................................................ 16 
2.2 NUMERICAL APPROACH .................................................................................... 23 
2.2.1 Multi-fluid Model ....................................................................................... 23 
2.2.2 Mixture Model ........................................................................................... 25 
2.2.3 Volume-of-Fluid Method ........................................................................... 26 
2.2.4 Lattice-Boltzmann Method (LBM) ............................................................. 31 
2.3 SUMMARY OF THE LITERATURE REVIEW ........................................................... 32 
  vii 
CHAPTER 3. TEST CASES ............................................................................... 34 
3.1 TEST CASE I: STRAIGHT SHORT CHANNEL WITH FLOW DIFFUSION ...................... 34 
3.2 TEST CASE II: STRAIGHT SHORT CHANNEL WITH DIFFERENT CROSS SECTION 
GEOMETRIES ........................................................................................................... 35 
3.3 TEST CASE III: STRAIGHT SHORT CHANNEL WITH VARIOUS WETTABILITY 
COMBINATIONS ...................................................................................................... 37 
3.4 TEST CASE IV: 90° BEND SHORT CHANNEL WITH VARIOUS WETTABILITY 
COMBINATIONS ...................................................................................................... 39 
3.5 TEST CASE V: STRAIGHT LONG CHANNEL WITH WATER ACCUMULATION .......... 41 
CHAPTER 4. METHODOLOGY ...................................................................... 42 
4.1 VOLUME-OF-FLUID METHOD ............................................................................. 42 
4.1.1 Surface Tension ......................................................................................... 44 
4.1.2 Static Contact Angle .................................................................................. 45 
4.2 DIMENSIONLESS QUANTITIES ............................................................................ 46 
4.3 THE MODEL....................................................................................................... 48 
4.3.1 Domain Dimensions .................................................................................. 48 
4.4 INITIAL AND BOUNDARY CONDITIONS .............................................................. 50 
4.5 SENSITIVITY ANALYSIS ..................................................................................... 51 
CHAPTER 5. RESULTS AND DISCUSSION .................................................. 53 
5.1 TEST CASE I ...................................................................................................... 53 
5.1.1 Percentage of Outlet Flow from the Pores ................................................ 53 
5.1.2 Pore Size and Porosity Effect .................................................................... 56 
5.1.3 GDL Contact Angle ................................................................................... 59 
5.1.4 Water Inlet Velocity ................................................................................... 61 
5.1.5 Liquid Permeability (number and distribution of water inlets) ................. 64 
5.1.6 Comparison with Non-diffusion Case ....................................................... 68 
5.1.7 Summary .................................................................................................... 69 
5.2 TEST CASE II ..................................................................................................... 70 
5.2.1 Geometries with Fixed Reynolds Number ................................................. 71 
5.2.2 Geometries with Fixed GDL Interface and Mass Flow Rate .................... 75 
5.2.4 Summary .................................................................................................... 78 
  viii 
5.3 TEST CASE III .................................................................................................... 79 
5.3.1 Comparison of Number of Water Inlets ..................................................... 81 
5.3.2 The Effect of Wall Wettability on Hydrophilic GDL ................................. 83 
5.3.3 The Effect of Wall Wettability on Moderate GDL ..................................... 87 
5.3.4 The Effect of Wall Wettability on Hydrophobic GDL ............................... 91 
5.3.5 Summary .................................................................................................... 95 
5.4 TEST CASE IV ................................................................................................... 96 
5.4.1 Comparison of Number of Water Inlets ..................................................... 98 
5.4.2 The Effect of Wall Wettability on Hydrophilic GDL ............................... 101 
5.4.3 The Effect of Wall Wettability on Moderate GDL ................................... 104 
5.4.4 The Effect of Wall Wettability on Hydrophobic GDL ............................. 107 
5.4.5 The Effect of Round Bends ...................................................................... 110 
5.4.6 Summary .................................................................................................. 115 
5.5 TEST CASE V ................................................................................................... 116 
5.5.1 Base Case ................................................................................................ 117 
5.5.2 The Effect of Air Velocity ........................................................................ 119 
5.5.3 The Effect of Water Velocity .................................................................... 121 
5.5.4 The Effect of Wall Wettability .................................................................. 123 
5.5.5 Summary .................................................................................................. 126 
CHAPTER 6. CONCLUSION   AND RECOMMENDATIONS FOR 
FUTURE WORK ..................................................................................... 128 
6.1 CONCLUSION ................................................................................................... 128 
6.2 RECOMMENDATIONS FOR FUTURE WORK ....................................................... 131 
REFERENCES  ..................................................................................................... 132 
  ix 
LIST OF FIGURES 
 
Figure ‎1-1: The basic layers of a PEM fuel cell. ......................................................... 4 
Figure ‎1-2: Typical Polarisation Curve of a PEM fuel cell (Baschuk & Li, 2000). .... 6 
Figure ‎1-3: A schematic of two possible cases of where liquid water could emerge 
into the gas channel from the GDL.(Bazylak et al., 2008) .......................................... 9 
Figure ‎1-4: Measured cell voltage and liquid water mass accumulation in the anode 
and cathode during anode purging and cathode surging. (Siegel et al., 2008) ............ 9 
Figure ‎2-1: Typical flow patterns in PEM fuel cell gas channels. (Hussaini & Wang, 
2009) .......................................................................................................................... 21 
Figure ‎3-1: The simulated gas channel with one water inlet and multiple flow 
diffusion outlets. ........................................................................................................ 35 
Figure ‎3-2: Gas channel domain used for a short straight channel. ........................... 38 
Figure ‎3-3: Gas channel domain used for a short 90° bend channel. ........................ 40 
Figure ‎3-4: Water inlet locations in the simulated gas channel. ................................ 41 
Figure ‎4-1: Example of volume fraction distribution in a mesh. ............................... 44 
Figure ‎4-2: Wettability static contact angles. ............................................................ 46 
Figure ‎4-3: Common fuel cell gas channel configurations. ....................................... 49 
Figure ‎4-4: Domain dimensions. ............................................................................... 50 
Figure ‎4-5: Droplet formation for different mesh size. ............................................. 51 
Figure ‎4-6: Pressure drop on mesh sensitivity analysis. ............................................ 52 
Figure ‎4-7: Pressure drop on time sensitivity analysis. ............................................. 52 
  x 
Figure ‎5-1: a) pressure drop for different diffusion percentage, b) percentage of water 
occupying the channel for different diffusion percentage, and c) percentage of water 
covering the GDL for different diffusion percentage. ............................................... 55 
Figure ‎5-2: A top view of the size of a droplet toward the channel outlet for different 
diffusion percentage; left for high flow diffusion, middle for medium (base case) 
flow diffusion, and right for low flow diffusion. ....................................................... 56 
Figure ‎5-3: a) pressure drop for different pore sizes, b) percentage of water 
occupying the channel for different pore sizes, and c) percentage of water covering 
the GDL for different pore sizes. ............................................................................... 58 
Figure ‎5-4: A top view of the size of the base of a detached droplet toward the 
channel outlet for different pore sizes; left for large size diffusion pores, middle for 
medium size (base case) diffusion pores, and right small size diffusion pores. ........ 59 
Figure ‎5-5: a) Pressure drop for different GDL contact angle, b) percentage of water 
occupying the channel for different GDL contact angle, and c) percentage of water 
covering the GDL for different GDL contact angle. ................................................. 61 
Figure ‎5-6: A top view of the width of the droplet toward the channel outlet for 
different GDL contact angle; left for a GDL contact angle of 135°, middle for GDL 
contact angle of 115°, and right for GDL contact angle 90°. .................................... 61 
Figure ‎5-7: a) pressure drop for different water inlet velocity, b) percentage of water 
occupying the channel for different water inlet velocity, and c) percentage of water 
covering the GDL for different water inlet velocity. ................................................. 63 
Figure ‎5-8: Droplet necking for different water inlet velocity; left for water inlet 
velocity of 0.50 m/s, middle for water inlet velocity of 0.75 m/s, and right for water 
inlet velocity of 1.0 m/s. ............................................................................................ 64 
Figure ‎5-9:  A top view of the different distribution of water inlets used in the study.
 ................................................................................................................................... 64 
  xi 
Figure ‎5-10: a) pressure drop for different water inlet locations, b) percentage of 
water occupying the channel for different water inlet locations, and c) percentage of 
water covering the GDL for different water inlet locations. ...................................... 66 
Figure ‎5-11: A top view of liquid water distribution for different water inlet 
locations; top for single inlet in the centre, middle for two inlets in the centre, bottom 
for one inlet in the centre and another in the side. ..................................................... 67 
Figure ‎5-12: Comparison between the results of the current study and a study from 
the literature (Zhu et al., 2008b); a) different GDL contact angles, and b) different 
water inlet velocity. .................................................................................................... 69 
Figure ‎5-13: Time evolution of liquid water dynamic movement for gas channel 
geometries with fixed Reynolds number; semi-circle, triangle, trapezoid with long 
base, square, and trapezoid with short base. .............................................................. 72 
Figure ‎5-14: Pressure drop for fixed Reynolds number scenarios. ............................ 73 
Figure ‎5-15: Water saturation in the channel for fixed Reynolds number scenarios. 74 
Figure ‎5-16: Water GDL coverage for fixed Reynolds number scenarios. ............... 75 
Figure ‎5-17: Time evolution of liquid water dynamic movement for gas channel 
geometries with fixed GDL interface and mass flow rate; semicircle, triangle, 
trapezoid with long base, square, and trapezoid with short base. .............................. 76 
Figure ‎5-18: Pressure drop for fixed GDL interface and mass flow rate. ................. 77 
Figure ‎5-19: Water saturation in the channel for fixed GDL interface and mass flow 
rate. ............................................................................................................................ 77 
Figure ‎5-20: Water GDL coverage for fixed GDL interface and mass flow rate. ..... 78 
Figure ‎5-21: Time evolution of liquid water for channels with different number of 
water inlets; left for single water inlet, middle for two water inlets, right for three 
water inlets. ................................................................................................................ 83 
  xii 
Figure ‎5-22: Time evolution of the dynamic behaviour of water droplet in a channel 
with hydrophilic GDL and a hydrophilic wall. .......................................................... 84 
Figure ‎5-23: Time evolution of the dynamic behaviour of water droplet in a channel 
with hydrophilic GDL and a moderate wall. ............................................................. 85 
Figure ‎5-24: Time evolution of the dynamic behaviour of water droplet in a channel 
with hydrophilic GDL and a hydrophobic wall. ........................................................ 85 
Figure ‎5-25: Time variation of pressure drop for gas channels with hydrophilic GDL 
and different wall wettability. .................................................................................... 86 
Figure ‎5-26: Time variation of water volume saturation for gas channels with 
hydrophilic GDL and different wall wettability. ....................................................... 86 
Figure ‎5-27: Time variation of water coverage ratio for gas channels with 
hydrophilic GDL and different wall wettability. ....................................................... 87 
Figure ‎5-28: Time evolution of the dynamic behaviour of water droplet in a channel 
with moderate GDL and a hydrophilic wall. ............................................................. 88 
Figure ‎5-29: Time evolution of the dynamic behaviour of water droplet in a channel 
with moderate GDL and a moderate wall. ................................................................. 88 
Figure ‎5-30: Time evolution of the dynamic behaviour of water droplet in a channel 
with moderate GDL and a hydrophobic wall. ............................................................ 89 
Figure ‎5-31: Time variation of pressure drop for gas channels with moderate GDL 
and different wall wettability. .................................................................................... 89 
Figure ‎5-32: Time variation of water volume saturation for gas channels with 
moderate GDL and different wall wettability. ........................................................... 90 
Figure ‎5-33: Time variation of water coverage ratio for gas channels with moderate 
GDL and different wall wettability. ........................................................................... 91 
Figure ‎5-34: Time evolution of the dynamic behaviour of water droplet in a channel 
with hydrophobic GDL and a hydrophilic wall. ........................................................ 92 
  xiii 
Figure ‎5-35: Time evolution of the dynamic behaviour of water droplet in a channel 
with hydrophobic GDL and a moderate wall. ............................................................ 93 
Figure ‎5-36: Time evolution of the dynamic behaviour of water droplet in a channel 
with hydrophobic GDL and a hydrophobic wall. ...................................................... 93 
Figure ‎5-37: Time variation of pressure drop for gas channels with hydrophobic 
GDL and different wall wettability. ........................................................................... 94 
Figure ‎5-38: Time variation of water volume saturation for gas channels with 
hydrophobic GDL and different wall wettability. ..................................................... 95 
Figure ‎5-39: Time variation of water coverage ratio for gas channels with 
hydrophobic GDL and different wall wettability. ..................................................... 95 
Figure ‎5-40: Vector plot of gas flow velocity at the bend. ........................................ 97 
Figure ‎5-41: Time evolution of liquid water for 90° bend channels with different 
number of water inlets. ............................................................................................ 100 
Figure ‎5-42: Growth and coalescence of liquid water at the inlets channels with 
different GDL wettability. A) hydrophobic GDL, B) moderate GDL, and C) 
hydrophilic GDL. ..................................................................................................... 101 
Figure ‎5-43: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with hydrophilic GDL and a hydrophilic wall. .......................................... 101 
Figure ‎5-44: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with hydrophilic GDL and a moderate wall. .............................................. 102 
Figure ‎5-45: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with hydrophilic GDL and a hydrophobic wall. ......................................... 102 
Figure ‎5-46: Time variation of pressure drop for 90° bend channels with hydrophilic 
GDL and different wall wettability. ......................................................................... 103 
Figure ‎5-47: Time variation of water volume saturation for 90° bend channels with 
hydrophilic GDL and different wall wettability. ..................................................... 103 
  xiv 
Figure ‎5-48: Time variation of water coverage ratio for 90° bend channels with 
hydrophilic GDL and different wall wettability. ..................................................... 104 
Figure ‎5-49: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with moderate GDL and a hydrophilic wall. .............................................. 105 
Figure ‎5-50: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with moderate GDL and a moderate wall. ................................................. 105 
Figure ‎5-51: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with moderate GDL and a hydrophobic wall. ............................................ 105 
Figure ‎5-52: Time variation of pressure drop for 90° bend channels with moderate 
GDL and different wall wettability. ......................................................................... 106 
Figure ‎5-53: Time variation of water volume saturation for 90° bend channels with 
moderate GDL and different wall wettability. ......................................................... 106 
Figure ‎5-54: Time variation of water coverage ratio for 90° bend channels with 
moderate GDL and different wall wettability. ......................................................... 107 
Figure ‎5-55: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with hydrophobic GDL and a hydrophilic wall. ......................................... 108 
Figure ‎5-56: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with hydrophobic GDL and a moderate wall. ............................................ 108 
Figure ‎5-57: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with hydrophobic GDL and a hydrophobic wall. ....................................... 108 
Figure ‎5-58: Time variation of pressure drop for 90° bend channels with hydrophobic 
GDL and different wall wettability. ......................................................................... 109 
Figure ‎5-59: Time variation of water volume saturation for 90° bend channels with 
hydrophobic GDL and different wall wettability. ................................................... 109 
Figure ‎5-60: Time variation of water coverage ratio for 90° bend channels with 
hydrophobic GDL and different wall wettability. ................................................... 110 
  xv 
Figure ‎5-61: Bend radius techniques. ...................................................................... 111 
Figure ‎5-62: Results obtained from calculations for 90° bend channels with round 
bends according to the first technique; a) pressure drop, b) water saturation of the 
channel, and c) water coverage of the GDL. ........................................................... 112 
Figure ‎5-63: Results obtained from calculations for 90° bend channels with round 
bends according to the second technique; a) pressure drop, b) water saturation of the 
channel, and c) water coverage of the GDL. ........................................................... 114 
Figure ‎5-64: Liquid water accumulation in the channel for different techniques and 
roundness. ................................................................................................................ 115 
Figure ‎5-65: Volume fraction of water occupying the channel ............................... 117 
Figure ‎5-66: Air pressure drop along the channel for the base case. a) in three 
dimensions against time and distance along the channel, b) against distance along the 
channel for two time steps, and c) against time. ...................................................... 119 
Figure ‎5-67: Liquid water behaviour after steady state for different air inlet velocity; 
a) vair 5 m/s and b) vair 15 m/s .................................................................................. 120 
Figure ‎5-68: The values of water percentage occupancy after steady state, air 
pressure drop after steady state, and time to reach steady state under various air 
velocities .................................................................................................................. 121 
Figure ‎5-69: Liquid water behaviour after steady state for different water inlet 
velocity; a) vwater 0.5 m/s and b) vwater 1.5 m/s ......................................................... 122 
Figure ‎5-70: The values of water percentage occupancy after steady state, air 
pressure drop after steady state, and time to reach steady state under various water 
velocities .................................................................................................................. 123 
Figure ‎5-71: Wettability contact angle .................................................................... 123 
Figure ‎5-72: Liquid water behaviour after steady state for a) hydrophobic wall, b) 
moderate wettability wall, and c) hydrophilic wall ................................................. 125 
  xvi 
Figure ‎5-73: The values of water percentage occupancy after steady state, air 
pressure drop after steady state, and time to reach steady state under various wall 
contact angles ........................................................................................................... 126 
 
  xvii 
LIST OF TABLES 
 
Table ‎1-1: Types of Fuel Cells. (Steele & Heinzel, 2001) .......................................... 1 
Table ‎1-2: Advantages and disadvantages of fuel cells (Larminie & Dicks, 2003; 
Steele & Heinzel, 2001). .............................................................................................. 2 
Table ‎3-1: Shapes and Dimensions. ........................................................................... 36 
Table ‎3-2: Calculated wettability combinations for a straight channel. .................... 39 
Table ‎3-3: Calculated wettability combinations for a bend channel. ........................ 40 
Table ‎5-1: Values of flow diffusion percentage with water droplet removal time. ... 54 
Table ‎5-2: Values of pore radius and porosity with water droplet removal time. ..... 57 
Table ‎5-3: Values of GDL contact angle with water droplet removal time. ............. 60 
Table ‎5-4: Values of water inlet velocity with water droplet removal time. ............. 62 
Table ‎5-5: Location of water injection with water droplet removal time. ................. 67 
Table ‎5-6: GDL and wall wettability combinations. ................................................. 80 
 
 
  xviii 
LIST OF PUBLICATIONS 
 
1. M. Alrahmani,‎R.‎Chen‎and‎S.‎Ibrahim,‎“A‎Numerical‎Study‎on‎the‎Effects‎
of‎ Gas‎ Channel‎ Wettability‎ in‎ PEM‎ Fuel‎ Cells:‎ Straight‎ Channel”,‎ 13th 
International Conference Advanced Batteries, Accumulators and Fuel 
Cells [ABAF 13
th
], August 27-30, 2012, Brno, Czech Republic.  
 
2. M. Alrahmani,‎ R.‎Chen‎ and‎ S.‎ Ibrahim,‎ “Numerical‎ Simulation‎ of‎ Liquid‎
Water‎ Behavior‎ In‎ Microchannel‎ With‎ a‎ 90°‎ Bend”,‎ ASME 2013 7th 
International Conference of Energy Sustainability & 11
th
 Fuel Cell 
Science, Engineering and Technology Conference [ESFuelCell2013], July 
14-19, 2013, Minneapolis, MN, USA. DOI:10.1115/FuelCell2013-18161 
 
3. M. Alrahmani,‎R.‎Chen,‎S.‎ Ibrahim,‎ and‎S.‎Patel,‎ “A‎Numerical‎Study‎on‎
the Effects of Gas Channel Wettability in PEM Fuel Cells”, ECS Trans., vol. 
48, no. 1, pp. 81-92, 2014. DOI: 10.1149/04801.0081ecst. 
 
4. M.Alrahmani,‎R.‎Chen,‎S.‎Ibrahim,‎“A‎Numerical‎Investigation‎of‎the‎Effect‎
of Gas Diffusion Layer Properties on Liquid Water Behaviour in a PEM Fuel 
Cell‎ Gas‎ Channel”,‎ Poster session presented at Hydrogen & Fuel Cell 
SUPERGEN Research Conference, December 16-18, 2013, Birmingham, 
UK. 
 
5. M. Alrahmani,‎ S.‎ Ibrahim,‎ R.‎ Chen,‎ “Numerical Study of the Effects of 
Liquid Water Accumulation in a PEM Fuel Cell Gas‎ Channel”,‎ Paper 
submitted for 2015 1
st
 Journal Conference on Clean energy Technologies 
(JCCET2015 1
st
), March 19-20, 2015, Florence, Italy. 
 
 
  
  xix 
NOMENCLATURE 
 
 𝐶 volume fraction 
 𝐹 momentum source term 
 𝐹𝑣𝑜𝑙 volume force 
 g gravitational constant (9.81 m/s
2
) 
 𝑘 fluid of one phase  
 N normal vector of interface 
 𝑝 static pressure 
 r hydraulic radius 
 R surface curvature 
 𝑡 time 
 v  velocity vector 
 𝑣 velocity 
 
Greek  
 𝜃𝑤 contact angle at wall 
 𝜅𝑖 curvature of 𝑖 fluid 
 𝜇 dynamic viscosity 
 𝜌 density 
 𝜏 dimensionless time 
 𝜎 surface tension 
 
Subscript 
 𝑘 property of fluid k 
  
Abbreviations 
CFD  Computational Fluid Dynamics 
GDL  Gas Diffusion Layer 
LBM  Lattice-Boltzmann Method  
MEA  Membrane Electrode Assembly 
PEM  Proton Exchange Membrane  
  xx 
PISO  Pressure Implicit with Splitting of Operators 
SIMPLE Semi-Implicit Method for Pressure Linked Equations 
VOF  Volume of Fluid 
 
1 
 
 
CHAPTER 1. INTRODUCTION 
 
Fuel cells are a competitive technology and a green source of energy fuelled mainly 
by hydrogen. Although fuel cells date back to mid-1800s when Sir William Grove 
developed the first working fuel cell, it did not surface out for usage until 1959 when 
NASA used it for the Gemini Space Program (Segura & Andujar, 2009). Fuel cells 
can be described as batteries with a constant flow of fuel in the anode and oxidant in 
the cathode. Theoretically, electricity is produced as long as fuel and reactant are 
supplied. There are various advantages to fuel cells such as, low emissions, their lack 
of moving parts, their silent operation, and an efficiency that is not limited by Carnot 
efficiency. Fuel cells are a major candidate to replace heat engines running on 
depleting fuels, such as fossil fuels. (Sasmito, 2010). 
Fuel cells are electro-chemical energy conversion devices that convert chemical 
energy directly to electricity via electro-chemical reactions. Fuel cells can have 
different designs relying on different operating conditions and different types of fuels. 
The common types of fuel cells are summarised in Table ‎1-1. 
Table ‎1-1: Types of Fuel Cells. (Steele & Heinzel, 2001) 
Fuel Required Type of Fuel Cell 
Operating 
Temperature 
H2 supply 
Alkaline (AFC) 70˚C 
Proton Exchange Membrane (PEMFC) 80˚C 
Phosphoric Acid (PAFC) 200˚C 
H2 and CO 
supply 
Molten Carbonate (MCFC) 650˚C 
Solid Oxide (SOFC) 500-1000˚C 
  2 
 
Alkaline fuel cell (AFC), proton exchange membrane fuel cell (PEMFC) and 
phosphoric acid fuel cell (PAFC) require a supply of pure hydrogen at the anode. As 
a result, whenever hydrocarbon or alcohol fuels are used to supply fuel, an external 
fuel processor that can be merged with the fuel cell unit is required. The additional 
component, e.g. the fuel processor, can increase the complexity and the cost of the 
entire system which is a disadvantage of these types of fuel cells. However, the 
hydrogen and CO in the molten carbonate fuel cell (MCFC) and the solid oxide fuel 
cell (SOFC) can be oxidised electrochemically at the anode side of the fuel cell, 
which makes them advantageous in terms of the reformation of fuel supply (Steele & 
Heinzel, 2001). Table ‎1-2 lists more advantages and disadvantage of the different 
types of fuel cells. 
 
Table ‎1-2: Advantages and disadvantages of fuel cells (Larminie & Dicks, 2003; Steele & 
Heinzel, 2001). 
Type of Fuel 
Cell 
Advantages Disadvantages 
Alkaline (AFC) 
High efficiency, low oxygen 
reduction reaction losses 
Must run on pure oxygen 
without CO2 contamination 
Proton 
Exchange 
Membrane 
(PEMFC) 
Low temperature operation, 
high efficiency, high H2 power 
density, Quick start-up 
Expensive catalyst, poor-quality 
waste heat, thermal and water 
management 
Phosphoric 
Acid (PAFC) 
Low CO tolerance, good-
quality waste heat, durability 
Low power density, slow start-
up, expensive 
Molten 
Carbonate 
(MCFC) 
CO tolerant, use with many 
fuels, high-quality waste heat, 
low-cost catalyst 
Long start-up time, electrolyte 
maintenance, CO2 injection to 
cathode 
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Solid Oxide 
(SOFC) 
CO tolerant, use with many 
fuels, high-quality waste heat, 
low-cost catalyst 
Long start-up time, in active at 
T < 600 C°, difficult to handle 
components 
The low temperature and design of PEM fuel cells make them easier compared to 
other types in terms of handling, assembly and mobility. They are also safe and 
secure for their possible operation under low pressure and usage of non-corrosive 
electrolyte (Segura & Andujar, 2009). Therefore, the focus was on PEM fuel cells in 
this thesis. 
1.1 PROTON EXCHANGE MEMBRANE (PEM) FUEL CELL 
Among the listed types of fuel cells, PEM fuel cells are found to be one of the 
competitive and promising types, because of the advantages mentioned, in addition 
to their low environmental impact, compact and simple design, and light weight 
(Berning & Djilali, 2003a; Wang, 2004; Wee, 2007). The advantages of PEM fuel 
cells attracted many companies to invest in developing them to make them closer to 
the end user in various applications. Application tests carried around the world on 
PEM fuel cells including stationary power generator, hybrid power bus, powered 
bicycle, and power computers (Wee, 2007). 
The reaction in PEM fuel cells consists of hydrogen-oxidation and oxygen-reduction; 
this produces water, heat and electrical energy. Hydrogen-oxidation occurs at the 
anode side, where the hydrogen splits into a hydrogen proton and an electron at the 
anodic catalyst layer. The hydrogen proton passes through the membrane to the 
cathode side, while the electron transfers to the cathode side via an outer electric 
circuit providing electrical energy. Oxygen-reduction occurs in the cathodic catalyst 
layer, where oxygen reacts with the hydrogen protons in the presence of an electric 
charge to produce water and generate heat. The reactions are shown below: 
Anode:  𝟐𝑯𝟐 → 𝟒𝑯
+ + 𝟒𝒆− 
Cathode: 𝑶𝟐 + 𝟒𝑯
+ + 𝟒𝒆− → 𝟐𝑯𝟐𝑶 
Overall Reaction: 𝑶𝟐 + 𝟐𝑯𝟐 → 𝟐𝑯𝟐𝑶 + 𝒉𝒆𝒂𝒕 + 𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄 𝒆𝒏𝒆𝒓𝒈𝒚 
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PEM fuel cell electricity generation forgoes any form of combustion therefore it is 
unbounded by the Carnot limit. Research and development over the past two decades 
has focused on commercialising the technology for civil and military applications. 
To achieve this target, PEM fuel cells need to be durable and offer consistently high 
performance.  
1.1.1 PEM Fuel Cell Components 
A basic PEM fuel cell, as shown in Figure ‎1-1, consists of two bipolar plates, two gas 
diffusion layers, two catalyst layers, and a membrane. The gas diffusion layers, the 
catalyst layers and the membrane are usually referred to as the membrane electrolyte 
assembly (MEA) (Al-baghdadi & Al-janabi, 2007a; Li et al., 2008; Steele & Heinzel, 
2001). 
 
Figure ‎1-1: The basic layers of a PEM fuel cell. 
 Gas channels are engraved on bipolar plates. The channels distribute fuel and 
air on the anode and cathode sides, respectively. Bipolar plates are used to 
provide electrical conduction between adjacent cells in a fuel cell stack. They 
account for the majority of a PEM fuel cell’s size and cost. They can be made 
of graphite, a polymer material, or a metallic material. Graphite is the most 
common material for a bipolar plate; it has a contact angle of around 95° non-
coated (Shakhshir et al. 2012). A good bipolar plate material should have 
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high electrical conductivity, high thermal conductivity, high corrosion 
resistance, and should be impermeable to gases. 
 Gas diffusion layer (GDL) is a porous material used to transport and 
distribute heat and fluids between bipolar plate gas channels and the catalyst 
layer. It allows spatial distribution of the current density on the membrane in 
both the direction of bulk flow and the direction orthogonal to the flow but 
parallel to the membrane. GDL also transport electrons from and to bipolar 
plates. Moreover, GDL provides structural support to the MEA and provides 
heat removal from the active layers. Carbon cloth and carbon paper are the 
most common GDL types. GDL pore sizes vary from 10 – 140 µm (Benziger 
et al., 2005). Additionally, a micro porous layer (MPL) might be added to the 
GDL to distribute the fluids furthermore in the catalyst layer side. 
 The Catalyst layer is where the electrochemical reaction occurs. It is where 
the protons, electrons, and oxygen react electrochemically and produce water 
and heat. Platinum (Pt) is a common catalyst for the PEM fuel cell 
electrochemical reaction, and it is the availability and the size of the active 
area that is important rather than the amount of Pt. Hence, researchers have 
been able to reduce the amount of platinum from 5 mg/cm
2
 to 0.5 mg/cm
2
 to 
reduce the cost (Nguyen, 1998).  
 The membrane is used to separate the anode side from the cathode side. 
Simultaneously, it transports the proton from the anode to the cathode. The 
membrane is typically made of perfluorosulfonic acid ionomer (PSA); the 
best known membrane is Nafion, a Teflon-like material that provides 
mechanical strength, dimensional stability, and proton conductivity. Three 
mechanisms govern water transportation in the membrane; namely, the 
electro-osmotic drag, diffusion, and permeation. The mechanisms are induced 
separately by moving protons, the difference in water concentration, and the 
pressure difference between the two sides of the fuel cell, respectively. The 
electro-osmotic drag transports water from the anode to the cathode, because 
of the proton transfer mechanism; whereas, the diffusion and permeation can 
move water from any of the sides to the other, depending on the difference in 
concentration. 
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1.1.2 PEM Fuel Cell Performance 
A typical evaluation of fuel cell performance is represented in a cell voltage and 
current density plot, which is also known as the polarisation curve, shown in 
Figure ‎1-2. To achieve ideal cell performance there is a maximum cell voltage, or 
reversible voltage, which is independent of the quantity of current drawn from the 
cell; however, for a real fuel cell irreversible voltage losses need to be considered. 
These losses, which are also called polarisation or overpotential, originate from: a) 
activation overpotential, b) ohmic overpotential, and c) mass transport (concentration) 
overpotential. The summation of these losses is known as the cell overpotential.  
 
Figure ‎1-2: Typical Polarisation Curve of a PEM fuel cell (Baschuk & Li, 2000). 
Activation polarisation is the voltage overpotential required to overcome the 
activation energy of an electrochemical reaction on the catalytic surface. It refers to 
dominant losses at low current density. Activation losses increase as the current 
drawn from the cell increases. Ohmic polarisation occurs as a result of the resistance 
of the polymer electrolyte membrane to the ion transfer, and of the rest of cell 
assembly to the electron transfer. Hence, the cell voltage drops steadily as the current 
drawn is increased. Mass transport polarisation occurs when the concentration of 
reactant decreases with the increase in current drawn from the cell due to the limited 
rate of mass transfer. It is most significant at high current densities. 
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1.2 PEM FUEL CELL OPERATION MANAGEMENT 
PEM fuel cell operation management can be achieved by optimising operation 
parameters, mitigating flow maldistribution, and distributing the heat generated in 
the fuel cell. Even though this thesis focuses on water management, heat 
management and operational parameter management are also crucial. 
1.2.1 Operational Parameter Management 
Operational parameters management is used to ensure sufficient gases are supplied to 
reach the reaction sites in order to generate current. In addition, the required 
operating temperature for the catalyst to react and for the membrane not to 
deteriorate must be achieved. Al-baghdadi and Al-janabi (2007b), Berning and 
Djilali (2003) and Hussain et al. (2005) presented different studies wherein the effect 
of different operational parameters was analysed; namely, the operating temperature, 
the operating pressure and the stoichiometric flow ratio, to optimise the operation 
parameters. A reduction in the activation losses was accompanied by an increase in 
operating temperature. The increase in operating pressure led to an evenly distributed 
local current density and a reduction in mass transport losses. Running the cell under 
a low stoichiometric ratio led to an increase in heat generation, which reduced the 
performance and durability of the cell. Optimising these operational parameters 
could help in obtaining the durability of the fuel cell components and maintain a high 
voltage output. However, these parameters depend on the operational conditions and 
energy demands from the cell, which makes optimising them a complex issue. 
1.2.2 Thermal Management 
In PEM fuel cells, there is a significant amount of dissipated heat that is derived from 
energy that has not been converted to electricity, which affects the cell durability and 
reliability. The temperature needs to be evenly distributed and the excess heat needs 
to be removed and evenly distributed by applying thermal management techniques to 
avoid hot spots that could deteriorate the MEA. Therefore, a good understanding of 
heat transport and temperature distribution in a PEM fuel cell is essential to their 
design and operation (Zamel & Li, 2010). Furthermore, excess heat could be 
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removed by using either an active or passive cooling system (Sasmito, 2010). Active 
cooling is done by removing heat by applying forced convective heat transfer 
techniques, such as adding coolant channels behind the bipolar plate, or using an 
external fan to remove the heat. On the other hand, natural convection heat transfer 
techniques are employed to remove excess heat for passive cooling systems, such as 
attaching fins to cells and/or using high thermal materials to make bipolar plates. 
Passive cooling systems, however, are only effective for small fuel cells. 
1.2.3 Water Management 
The main purpose of water management is to balance the amount of water in a PEM 
fuel cell and reduce the potential damage caused by the two-phase flow inside the 
various layers of the fuel cell. PEM fuel cells operate at temperatures below 100°C 
so water vapour can condense and form liquid water inside the cell. Another source 
of water is the result of the electrochemical reaction in the cathodic catalyst layer. 
Thus the existence of water is both critical and unavoidable in PEM fuel cells. The 
lack of water causes dehydration, limiting the membrane’s conductivity, which 
affects its ability to transport hydrogen protons. Meanwhile the excess water causes 
flooding that blocks the gas pathways in the PEM fuel cell layers. Blockages prevent 
the reactants from reaching the reaction sites, which results in drop in cell 
performance. Thus, water management has been found to be essential to increase 
PEM fuel cell performance and durability (Biyikoglu, 2005).  
Generated water in the cathodic catalyst layer must be removed away by transporting 
it via evaporation, water vapour diffusion, and capillary transport of liquid water 
through the GDL into the gas channels, where it could get exhausted at the outlet. 
Water may also transport to the anode side via back diffusion (Li et al., 2008). Liquid 
water transported into the gas channel from the GDL either emerges from the middle 
of the channel or from the side, from beneath the land area (Bazylak et al., 2008; 
Theodorakakos et al., 2006), as can be seen in Figure ‎1-3. Liquid water emerging 
from the middle can cause higher pressure drop, for its higher blockage of the 
channel, than liquid water emerging from the side, which makes the fuel cell more 
vulnerable for higher parasitic losses. 
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Figure ‎1-3: A schematic of two possible cases of where liquid water could emerge into the 
gas channel from the GDL.(Bazylak et al., 2008) 
Siegal et al. (2008) reported a study in which they observed the operational 
performance of a PEM fuel cell while water accumulated in the gas channels. A 
voltage drop was observed for the tested cell as water accumulates in the channel. 
Anode purging and cathode surging boosted the cell voltage as the water was 
removed from the channels but then declined again as water accumulates and causes 
flow maldistribution, as shown in Figure ‎1-4.  
 
Figure ‎1-4: Measured cell voltage and liquid water mass accumulation in the anode and 
cathode during anode purging and cathode surging. (Siegel et al., 2008) 
In order to understand the existence and transportation of water in a PEM fuel cell, 
one needs to consider water formation on the catalyst surface, liquid water transport 
through the micro porous layer and GDL, liquid droplet formation at the interface of 
GDL and gas channel, and the two-phase flow in gas channels (Bi et al. 2010). The 
imbalance in water generation rate and water removal from gas channels can lead to 
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dehydration or flooding in a fuel cell. Flooding can be categorised into three types, (i) 
catalyst layer flooding, (ii) diffusion media flooding, and (iii) gas channel flooding 
(Kumbur et al., 2006). Balancing liquid water content, as part of water management 
in a fuel cell, can be done by (i) modifying operating conditions, (ii) using extra 
components to solve water management issues, or (iii) individually designing fuel 
cell components to enhance water mitigation (Anderson et al., 2010). Modifying 
operating condition could be limited to the required output of the fuel cell, and 
adding extra components could increase the weight and possibly also the parasitic 
losses of the entire system. However, designing the fuel cell components is done 
individually at the manufacturing stage of the fuel cell, and could avoid the complex 
operational requirements, parasitic losses, and weight restrictions.  
1.3 MOTIVATION 
Investigating the effect of the different components of the fuel cell has been done 
experimentally and calculated mathematically. The mathematical approach has been 
found to be cost and time effective and has undergone remarkable progress in recent 
years. Computational fluid dynamics (CFD) models are powerful tools and capable 
of providing sophisticated results. Two types of models, the mixture model and the 
multi-fluid model, have been developed to help understand the electrochemistry of a 
PEM fuel cell. These models inform understanding of the effects of different 
operating conditions on the performance of a fuel cell. However, another approach, 
the volume-of-fluid (VOF), has been used in recent years to understand the 
behaviour of liquid water in a PEM fuel cell. It is beneficial in terms of showing 
liquid water behaviour, especially in gas channels, as this helps mitigate liquid water 
flooding. 
Understanding of liquid water behaviour in PEM fuel cell gas channels, under 
various boundary and operating conditions, would help the manufacturers estimate 
how significant the change is concerning liquid water behaviour when a certain 
parameter in the design is changed. The usage of the VOF method for understanding 
the behaviour of liquid water in gas channels is a relatively a new approach, which is 
used to support water management in PEM fuel cell gas channels. In this study, 
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investigating the behaviour of liquid water is correlated with understanding the 
emergence, growth, detachment, and movement of liquid water in gas channels in 
addition to its effect on the pressure drop across the gas channel and the liquid water 
volume fraction that occupies the channel and covers the GDL. 
PEM fuel cell gas channels account for 60-70% of the total size and weight, which 
makes it easy to configure compared with the other layers. In addition, the uniform 
distribution of gas flow in gas channels ensures uniformity in all other layers. Once a 
gas channel is blocked, the performance of the whole system could deteriorate, not 
only part of the reaction site. Furthermore, in a serpentine flow channel design, 35% 
of the fuel cell power is needed to purge a flow blockage from a fuel cell (Li, 2007). 
Therefore investigation into liquid water behaviour in gas channels requires great 
attention. Furthermore, Owejan et al. (2007) concluded from his experimental study 
on the effects of flow field and diffusion layer properties on water accumulation in a 
PEM fuel cell that the channel geometry and surface properties needs to be 
accounted for in the design of fuel cell systems. 
The Wettability and water repellence of solid surface are important material surface 
properties. These strongly depend on both surface composition and surface 
roughness. Surface wettability indicates the hydrophilic characteristic of a surface, 
while its water repellence factor indicates its hydrophobic characteristics. Surface 
wettability impacts on liquid water behaviour in PEM fuel cell gas channels, and 
needs to be understood for its influence on water management. An advantage of 
surface wettability modification is that it can be applied to pre-fabricated fuel cell 
bipolar plates. It only requires coating to be applied to the surface to change its 
wettability; so there is no need to machine a new bipolar plate, or to have a new GDL. 
Surface wettability, wall and GDL, can affect airflow pressure drop, water content 
occupying the channel, and water content covering the GDL.  
1.4 SPECIFIC OBJECTIVES  
The focus of this thesis is to understand the effect of design modification of a fuel 
cell component, in particular investigating the issue of gas channel flooding relative 
to design modification, and understanding the droplets two-phase flow in gas 
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channels. The specific objective is to provide a better understanding of the dynamic 
behaviour of liquid water in PEM fuel cell gas channels, and the effect of different 
surface and geometry designs on water’s‎presence in the channel, water covering the 
GDL, and any associated pressure drops. A general understanding can be achieved 
from previously conducted experiments; however, mathematical modelling is 
necessary to quantify the effect of different parameters under various conditions. The 
considered parameters in the current study include the effect of flow diffusion into 
the GDL, the effect of channel cross sectional geometry, and the effect of different 
combinations of wall and GDL wettability on droplet formation and physics of flow 
in gas channels. The understanding of such effects could enhance water mitigation 
through better control of the timing and the power of channel purging and surging. 
The analysis has been conducted using a CFD model that utilises the volume-of-fluid 
(VOF) technique to track the liquid/gas interface. The major objectives identified in 
the research are as follow: 
1. To provide a clear understanding of the effect of flow diffusion into the GDL 
in addition to the effect of different GDL and fuel cell parameters on liquid 
water dynamic behaviour in a PEM fuel cell gas channel. 
2. To provide a better understanding on the effect of gas channel cross sectional 
area on liquid water dynamic behaviour. 
3. To quantify the effect of surface wettability, GDL and wall surfaces, on 
liquid water behaviour in a short straight channel, representing a PEM fuel 
cell gas channel. 
4. To quantify the effect of surface wettability, GDL and wall surfaces, on 
liquid water behaviour in a short 90° bend channel, representing a PEM fuel 
cell gas channel. 
5. To extend understanding of liquid water behaviour in a short straight channel 
to include liquid water accumulation in a longer channel under various inlet 
and boundary conditions. 
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1.5 KNOWLEDGE CONTRIBUTION 
1. This study aims to provide a better understanding of the effect of GDL 
specifications on liquid water’s emergence, detachment, and movement in a 
gas channel in addition to demonstrating the impact of flow diffusion into the 
GDL on water volume fraction occupying the channel in a gas channel. 
2. The study evaluates the effect of cross sectional geometry on liquid water 
movement along a straight channel. The change in corresponding pressure 
drop, percentage of water saturation in the channel and percentage of GDL 
coverage have been evaluated to find an optimum geometry. 
3. The study quantifies the effect of different wall and GDL wettability 
combinations on liquid water behaviour and distribution in a short straight 
gas channel representing a PEM fuel cell gas channel. This quantification is 
based on the pressure drop across the channel, the percentage of liquid water 
occupying the channel, and the percentage of water covering the GDL. 
4. The study quantifies the effect of different wall and GDL wettability 
combinations on liquid water behaviour and distribution in a short 90° bend 
gas channel representing a PEM fuel cell gas channel. The quantification was 
based on pressure drop across the channel, the percentage of liquid water 
occupying the channel, and the percentage of water covering the GDL. 
5. The study provides a better understanding of the accumulation of liquid water 
in a gas channel, in addition to how the change in wall wettability and water 
and air inlet velocities could affect liquid water accumulates in the channel. 
This could help control the purging timing and power to remove water from 
the gas channels. 
1.6 THESIS OUTLINE 
The outline of this thesis is provided below: 
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Chapter 1: Introduction 
The first chapter provides a brief introduction to fuel cells and more specifically 
PEM fuel cells, highlighting the importance of water management. A discussion of 
the motivation, specific objectives and knowledge contributions is also presented. 
Chapter 2: Literature Review 
The second chapter provides a literature review discussing liquid water existence in 
PEM fuel cell gas channels, in both experimental analysis and numerical approaches. 
The common numerical approaches when analysing different phenomena in PEM 
fuel cells have been highlighted; in addition to recent studies that have been 
conducted using each approach. 
Chapter 3: Test Cases 
The third chapter discusses the test cases that have been studied to understand liquid 
water behaviour in PEM fuel cell gas channels. A total of 5 test cases have been 
studied, namely, the effect of flow diffusion on liquid water behaviour, the effect of 
cross sectional geometry on liquid water behaviour, the effect of wall/GDL 
wettability combination in a straight channel, and then the effect of wall/GDL 
wettability combination in a bend channel. The last test case analyse the effect of 
operating conditions and wall wettability on liquid water accumulation in a straight 
channel. 
Chapter 4: Methodology 
The fourth chapter discusses the equations used in computational fluid dynamics to 
account for the multiphase interface in the calculations. 
Chapter 5: Results and Discussion 
In the fifth chapter, the results from the different test cases that were calculated are 
presented and discussed. Results have been presented in the same order as it was 
presented in Chapter 3 to show the effect of different phenomena and boundary 
conditions on liquid water behaviour. 
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Chapter 6: Conclusion and Recommendations for Future Work 
The final chapter outline the contributions and conclusions of this doctoral thesis and 
suggest future work to be carried out. 
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CHAPTER 2. LITERATURE REVIEW 
 
This chapter review the effect of gas flow channels and GDL surface wettability on a 
PEM fuel cell. The wettability effect has been studied experimentally and 
numerically. Both form of testing show an impact caused by wettability on PEM fuel 
cell performance and durability. Different numerical approaches have been found in 
the search for a suitable numerical method that is able to study the effect of liquid 
water in gas channels. Thus, the effect of wettability and initial conditions on PEM 
fuel cell performance and liquid water behaviour has been reviewed in this chapter 
along with the different numerical techniques found in the literature. 
2.1 EXPERIMENTAL ANALYSIS 
There have been many experimental studies conducted on PEM fuel cells, examining 
their performance and studying water management issues, for example, the work of 
Yan et al. (2006) on investigating fuel cell performance under various operating 
conditions and load changes and the work of Chen and Wu (2010) and Najjari et al. 
(2013) on the influence of gravity on water discharge from a fuel cell cathode gas 
channel and the response of a fuel cell. The performance of fluid dynamics was 
studied by Barreras et al. (2008) comparing three different bipolar plate 
configurations; e.g. diagonal, parallel-serpentine and cascade. Velocity and pressure 
fields were compared to discover that a cascade configuration shows a homogenous 
flow and a uniform pressure drop. After which, the serpentine-parallel and cascade 
configurations were compared, focusing on aspects of water formation and 
management (López et al., 2009). The results favoured the cascade configuration 
because their cathodic gas channels do not flood with water and can be drained easily. 
The serpentine-parallel configuration was subject to water condensation and channel 
flooding when the hydrogen flow at the anode was in a saturated condition. Sun et al. 
(2007) have studied the effect of humidification temperatures on the characteristics 
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of local current. The resulting showed that air and hydrogen must be humidified at a 
medium humidification temperature to achieve optimum cell performance. 
The main review of experimental analysis focuses on experimental studies that 
examined the effect of surface wettability on PEM fuel cell performance. Tüber et al. 
(2003) visualised water build-up in the cathode of a PEM fuel cell. A transparent fuel 
cell operating at 30° C and ambient pressure was used. After visualising water build-
up in the gas channels until the last channel is entirely filled up with product water, 
various water management options were studied. The effect of an active control 
option, e.g. gas flow control, and a passive control option, e.g. diffusion layer 
characteristics, was studied. The active control option was found to be effective, 
although it requires extra auxiliary equipment. This could limit the size and power 
demand on the fuel cell. By contrast, the passive control option was found to be more 
viable. The use of hydrophobic and hydrophilic GDL had an immediate impact on 
water accumulation. In the fuel cell tested, hydrophilisation of the GDL was found to 
be very effective regarding fuel cell performance. Unfortunately, it was not specified 
how beneficial the hydrophilic GDL is; however, results only showed that channel 
blockage is a major disadvantage of the hydrophobised GDL. 
Yang et al. (2004) used an optical PEM fuel cell to visualise the mechanics of liquid 
water transport from droplet emergence to its departure. They ran the fuel cell under 
automotive conditions. Their results showed that water preferred certain sites to 
emerge into the gas channel. Surface tension was found to play a more dominant role 
than gravitational and air drag forces especially for small droplets. Larger droplets 
moved more easily along the channel, where they touched the more hydrophilic 
channel surfaces then coalesced forming liquid films. A bridge might be formed 
when water films are thick on both sides of the wall, affecting the gas flow in the 
channel. They suggested water film drainage to prevent any blockage due to water 
build-up. The study shows the importance of wall wettability on water dynamic 
behaviour in a fuel cell gas channel from an experimental perspective. Furthermore, 
it was concluded that it is necessary to study water behaviour on the GDL/channel 
interface.  
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Martin et al. (2005) quantitatively visualised flow dynamics in a U-shaped gas 
channel using particle image velocimetry (PIV). The range of gas flow rate 
investigated was chosen according to the possible rate for a low to medium current 
density fuel cell. The study was on a single fluid flow to characterise the flow 
structure and transition to unsteadiness. The flow in the bend for Re≤‎381 was stable 
and time independent, on both the streamwise and cross-flow planes. Conversely, for 
Re≥‎ 436, the flow was unstable and time dependant, in both the streamwise and 
cross-flow planes. 
Benziger et al. (2005) measured the pressure required for water to push through the 
GDL of PEM fuel cells. A comparison of different types of GDL was conducted 
comparing woven carbon cloth and carbon paper with different Teflon loadings. The 
largest pores observed in the carbon cloth were ~250 µm and in the carbon paper 
were ~40 µm. Liquid water was transported through GDLs via larger pores, while the 
smaller pores remained free, allowing gas diffusion to reaction sites. Relatively high 
pressure is needed to force water penetration from water production locations in the 
reaction site to gas channels. Teflon treatment of commercially available GDLs 
reduces the amount of water trapped in the pores. The wettability of the original 
GDL samples and the effects of Teflon on the contact angle were not provided. 
Zhang et al. (2006) studied liquid transport and removal from the GDL and gas 
channel of a PEM fuel cell. Their study was conducted on a transparent fuel cell. 
Different flow patterns were observed and classified as mist flow, corner flow, 
annular film flow, and slug flow. They identified different mechanisms of water 
removal from the channel. Water removal techniques depend on the airflow velocity. 
When the air velocity is high, droplet detachment occurs, due to the shear force 
exerted by the flow. When the airflow velocity is low, water is removed by a steady 
corner flow during low water production and by annular film flow during high water 
production. Wall wettability plays an essential role in water removal. 
Kumbur et al. (2006) developed an empirical correlation between surface tension and 
PTFE loading on diffusion media to understand water droplet deformation and 
removal in a fuel cell gas channel. They also found that there are two contact angles 
in a moving droplet, advanced and receding. The removal of taller droplets was 
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found to be easier than that for spread out droplets, because drag force had a greater 
impact on droplets than surface adhesion forces. Furthermore, PTFE content had a 
greater impact on a high gas flow rates, compared to low gas flow rates. 
Su et al. (2006) found that no flooding occurred in upstream channels in their 
flooding study of different flow fields. This was due to the high pressure in the 
upstream channels compared to the downstream channels. They also noticed that 
flooding mostly occurs on corners, because of the large contact area at such locations 
which leads to an increase in water viscosity forces. They recommended 
development and design of a new channel configuration; however, the wettability 
effect was not studied, which might assist water removal without any changes to the 
channel configuration. 
Owejan et al. (2007) investigated water accumulation in GDLs and distribution along 
channels using neutron radiography imaging. Channel geometry and wall properties 
were found to influence water accumulation and behaviour in the gas channels. A 
triangular cross-sectional channel retained less water than a square cross-sectional 
channel. Furthermore, GDL PTFE coating reduced water accumulation in both 
channel geometries. The results of this study prove the necessity of considering 
surface properties when designing a fuel cell for its impact on water accumulation 
and voltage performance. 
Bazylak et al. (2007) explored the effect of GDL compression on liquid water 
transport in a PEM fuel cell. In this study, the ex situ visualisation was provided 
using fluorescence microscopy. Compression was found to alter the wettability of the 
GDL. Irreversible damage, resulting from compression of fibres and deterioration in 
the hydrophobicity of the GDL, generated relatively hydrophilic pathways creating 
preferential sites for water transportation. Their report highlights the influence of 
altering the wettability of the GDL, by compression, on creating preferential 
breakthrough locations. 
Ous and Arcoumanis (2007) visualised water droplets during a PEM fuel cell 
operation. Their investigation was conducted on a transparent PEM fuel cell, with a 
serpentine flow field. The study aimed to measure the cell current and characterise 
  20 
water droplets. The images obtained showed that water emerges from the GDL in the 
middle channels and no droplet emergence takes place at the bends. They observed 
two types of droplets, wall touching and non-wall touching droplets. Wall touching 
droplets were found to grow relatively faster. The overlapping of two wall touching 
droplets, on each side of the channel, caused a complete blockage of the channel. 
Cell current measurements declined as more water occupies the channel but had no 
impact on the droplet formation on the surface. No droplet detachment from the GDL 
surface without touching the walls was observed, under various operating conditions; 
the flow was either so high that no water droplets are formed or so low that they 
coalesce and attach to the walls once formed.  
Bazylak et al. (2008) studied the effect of a GDL and wall wettability combination 
on liquid water transport. A simplified experimental model of a fuel cell gas channel 
was created to investigate the droplet stability while altering the wall wettability. The 
GDL PTFE coating had no noticeable influence on droplet behaviour compared to 
the influence of wall wettability. The droplets spread out and favour the GDL/wall 
interface in case of a hydrophilic wall. On the other hand, droplets experience 
minimal entrapment at the GDL/wall interface in cases of a hydrophobic wall. 
Zhu et al. (2008a) observed water movement in a PEM fuel cell using x-ray imaging 
technique. Two water movements were observed for two types of channels with 
different levels of wettability; large wavy droplets attached to the GDL for a 
hydrophobic channel, and a thin water layer at the channel walls for a hydrophilic 
channel. Their conclusion revealed the importance of channel wall surface properties 
on water behaviour in fuel cell flow fields. 
Hussaini and Wang (2009) presented an in-situ visualisation study of cathode 
flooding in an operating fuel cell. Four flow patterns were identified in the two-phase 
flow; single phase flow, droplet flow, film flow, and slug flow. A flow pattern was 
drawn identifying the four flow patterns according to air and water velocities. 
Channel flooding was found to increase the pressure drop dramatically and cause a 
voltage drop under low stoichiometry conditions. 
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Figure ‎2-1: Typical flow patterns in PEM fuel cell gas channels. (Hussaini & Wang, 2009) 
Turhan et al. (2010) used a high resolution neutron imaging technique to analyse 
through-plane liquid accumulation and distribution inside PEM fuel cell components. 
Two different types of walls were used in the analysis; PTFE coated walls and 
uncoated walls. Hydrophilic walls were found to enhance water removal from under 
the ribs of a flow field, while hydrophobic walls retain liquid water in the diffusion 
layer (GDL). The mechanism of water transport inside the GDL was found to be 
dependent on the wall wettability. 
Lu et al. examined water management in fuel cells in a series of publications (Lu et 
al., 2010; Lu et al., 2009) however in their recent study (Lu et al., 2011) they 
examined the influence of channel surface wettability, cross-sectional geometry and 
orientation on two phase flow in parallel gas channels. Three wall wettabilities were 
examined; hydrophilically coated, uncoated, and hydrophobically coated. The 
hydrophilically coated walls were found to be beneficial over the other types for 
providing uniform water and gas flow distribution and favouring film flow; the most 
desirable flow pattern in a PEM fuel cell gas channel. Three cross-sectional 
geometries were examined; rectangular, sinusoidal, and trapezoidal. Sinusoidal 
geometry was favoured providing a film flow and low pressure drop when compared 
with the other geometries. Finally, the vertical orientation was advantageous over the 
  22 
horizontal orientation in terms of liquid water distribution and two-phase flow 
stability. 
Wu and Djilali (2012) investigated the water droplet dynamics emerging from a pore 
in airflow channel, representing a fuel cell gas channel. Three flow patterns were 
identified: slug, droplet, and film flow, under various air and water velocities. An 
increase in air velocity changes the flow pattern from slug to droplet and film flow 
which is due to a decrease in the dynamic contact angle. This angle represents 
droplet stability, which is its ability to resist the drag force on a given surface. 
San and Isik-gulsac (2013) changed the wettability of polymer composite bipolar 
plates using organic based hydrophobic and inorganic based hydrophilic additives, 
and then analysed fuel cell performance. Performance was reportedly unaffected by 
the additives at low current densities; however, the cell with a bipolar plate with no 
additives showed better performance than the cells with organic or inorganic 
additives at medium and high current densities. According to their results, the highest 
performance data obtained was with a polymer composite wall, with a contact angle 
of 80°. The contact angle of the GDL was not specified and the wettability 
combination of wall and GDL possibly affected the liquid droplet behaviour. 
Gopalan and Kindlikar (2013; 2014) studied the effect of channel material on the 
behaviour of liquid water in a trapezoid gas channel. Air velocity and contact angle 
influenced water behaviour in the channel. Contact angle also affected liquid water 
filling in the corners, which influenced channel blockage. Low air velocities allowed 
liquid water to fill the channel corners and form a slug flow, while at high air 
velocities water did not fill the corners and to form a film flow. 
Previous experimental studies showed the importance of wall wettability and GDL 
wettability on the two-phase flow in gas channels according to in situ and ex situ 
experiments. It was proven that this affected gas channel pressure drop and fuel cell 
current density, influencing fuel cell performance and durability. Next, the common 
numerical approaches are presented and discussed. 
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2.2 NUMERICAL APPROACH 
Three major numerical approaches were found following extensive research on PEM 
fuel cell CFD calculations. These are the multi-fluid model, the mixture model, and 
the volume-of-fluid (VOF) method. Although some reported studies clearly mention 
the use of one of the models, other researchers built their own models without 
relating it to any of the commonly used ones. For example,  Zhou et al. (2006) 
reported a study in which they developed a model to predict and optimise the 
performance of a PEM fuel cell. The model accounts for reacting fluids on both air 
and hydrogen plates, water transportation across the membrane, water phase-change 
affect and pressure variation along the channel. 
Zamel and Li (2008) developed a steady-state isothermal model demonstrating that 
the catalyst layer is important for controlling water concentration in the cell, and that 
the cross-flow phenomenon enhances the removal of liquid water from the cell. The 
model accounted for liquid water transport in the catalyst layer and GDL 
disregarding the gas channel; however, the interaction at the interface between GDL 
and gas channel was accounted for. A shoulder/channel width ratio of 1:2 was found 
to offer an optimal ratio for water transport. Later, Zamel and Li (2010) improved 
their model by studying the heat transfer and temperature distribution in the cathode 
of a PEM fuel cell, combined  with  the  multiphase,  multispecies,  steady-state 
transport. They studied the effect of the shoulder/channel width again and found that 
it affected the temperature and temperature distribution. 
The previously mentioned studies did not relate their model to one of the major ones. 
Next, each of the major numerical techniques are explained and reviewed below. 
2.2.1 Multi-fluid Model 
The two-fluid model was developed by Berning and Djilali (2003) and it solves a 
separate set of mass and momentum equations for each phase. The model couples the 
two phases by the saturation state. The model seems to be physically realistic, 
introducing an equation for liquid water in terms of liquid saturation. It has the 
ability to account for condensation and evaporation by adding the phase transfer 
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equilibrium between the liquid and gas phases. It also has the advantage of making 
few assumptions, although it requires the highest number of dependent variables. The 
model accounts for heat transfer and phase changes, and include the GDL, gas 
channel, cooling channels for the anode and cathode sides. The CFD code CFX 4.3 
was used to implement the method. Local evaporation was prescribed as a function 
of undersaturation and liquid water concentration, to account for the phase change. 
Their result showed that material property has a major impact on the amount of 
liquid water in any layer of a PEM fuel cell. In addition, liquid water increases non-
linearly with current density. Berning continued by analysing the multi-phase flow 
but with the focus on the porous layers in the cathode side only (Berning, 2008). 
They highlighted the importance of pore size distribution in the porous medium. 
Furthermore, Berning et al. (2010a) extended the study to include the anode side and 
the membrane. The importance of membrane hydration was analysed using the 
improved model. A better humidified membrane showed a reduction in flooding at 
the cathode side, as well as a better performance of the fuel cell. 
You and Liu (2002; 2005) reported a study in which they developed a two-phase 
multi-component model with a complete set of governing equations. They were able 
to match the polarisation curve of their model with experimental data, under different 
operating conditions. The model provides realistic results for various operating 
conditions; however, it lacks the ability to show the behaviour of liquid water in gas 
channels, especially in the presented two-dimensional results. 
In a reported study, He et al. (2007) developed a two-dimensional model that is able 
to simulate two-phase flow behaviour. It was found that contact angle and surface 
tension have a great impact on the water removal process at the GDL/gas channel 
interface. A high contact angle enhances water removal at the GDL/gas channel 
interface. A low surface tension is also advantageous because it produces a small 
detaching liquid droplet. Unfortunately, the model lacks the ability to detect the 
gas/liquid interface in the gas channel. The effect of contact angle and surface 
tension analysis was based on water saturation in the GDL and gas channel. 
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2.2.2 Mixture Model 
The multi-phase mixture model was first developed to study mass transport in 
capillary porous media (Wang & Cheng, 1996). The model uses an individual mass 
conservation equation for each phase with a single momentum equation, with 
averaged physical properties for the two phases, to obtain the mixture velocity. The 
momentum term in the equations due to phase change is neglected; hence the model 
might be limited to flows without phase transition. Later, Wang et al. (2001) 
combined the model with a CFD technique to simulate the cathode operation.  They 
conducted an analysis of a two-phase flow and transport. The current density at 
which liquid water first appeared at the membrane/cathode interface was used as a 
threshold. When a cell operates above this current density, liquid water appears and 
the two-phase zone starts to form. It was concluded that, in porous electrode, 
capillary action and molecular diffusion control the liquid water and vapour 
transport, respectively. This is attributed to low air velocity in porous media. 
In a later study, Pasaogullari and Wang (2005) developed a model to simulate 
flooding in PEM fuel cells. The model introduced water as small droplets in gas 
channels; hence, the droplets did not interfere with the gas flow and a single phase 
was assumed in the channels. The model might be applicable for low current density 
when the amount of liquid water in the channels is small and could potentially be 
neglected; however, it is not applicable for high current density cells because of the 
significant amount of liquid water emerging from the GDL under these conditions. 
The behaviour of liquid droplets in the gas channels has an impact on PEM fuel cell 
performance as reviewed in the experimental section, which this model does not 
include. 
According to a study reported by Basu et al. (2009), a complete PEM fuel cell model 
was developed to analyse the effect of maldistribution on operating fuel cells. The 
wetted area of the model had a good match to experimental data. The overall 
pressure drop also had good agreement. The publication studied the effect of GDL 
intrusion into the gas channel. The intrusion was found to reduce the fuel cell 
performance because of the low flow rate of intruded channels. As a result, 
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innovative flow field designs are needed to ease the flow maldistribution and 
improve fuel cell performance and durability. 
Wang et al. (2010) reported a study wherein they explored the effect of the channel 
size on the PEM fuel cell performance in a serpentine flow channel design. The 
effect of the size factor was measured according to the local current density in the 
membrane and liquid water concentration at the interface of the cathode GDL and 
catalyst layer. Liquid water removal was enhanced for smaller channel sizes and 
oxygen transport to the porous layer increased as‎ well,‎ which‎ improve‎ the‎ cell’s‎
performance. On the other hand, the total pressure drop across the cell increased with 
the decrease in channel size. As a result, they found an optimal size for best 
performance, a cross-sectional area of 0.535 x 0.535 mm
2
, considering the 
aforementioned facts. 
In a study reported by He et al. (2009), the two phase flow was adapted in a 
multiphase mixture model. The droplet size was considered as a parameter in the 
model and did not show the interface of the two phases. The results showed that 
large droplets were harder for the gas to drag. Liquid water was found to hinder heat 
transfer in the GDL and catalyst layer. Results also showed that the counter-flow 
patterns have a lower temperature difference and water saturation than the co-flow 
patterns. In their study, the authors mentioned the ability of the VOF model to 
present better results regarding the two-phase flow, which is presented and discussed 
next. 
2.2.3 Volume-of-Fluid Method 
The volume-of-fluid (VOF) modelling method is unique in the way it tracks the 
interface between the two phases. Unlike the other mathematical models, VOF can 
locate the presence of liquid droplets accumulated or concentrated in the gas 
channels. The method was developed in the early 1980s by Hirt and Nichols (1981) 
and over the last decade it has been the leading method used to study the behaviour 
of water droplets in PEM fuel cells gas channels.  
Theodorokakos and his research group were among the first to implement the VOF 
model to investigate water droplet behaviour. Two studies were reported 
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(Theodorakakos & Bergeles, 2004; Theodorakakos et al., 2006). In the first study, 
they developed a new method of grid refinement that was able to capture the sharp 
interface between gas and liquid, in addition to speeding the calculation. In the 
second study, the group investigated liquid droplet detachment from porous material 
surfaces under the effect of a flowing air stream. The model was used to examine 
some parametric studies. It was found that the droplets could move without airflow, 
only in relation to the difference between adhesion forces at each side of the droplet. 
The motion was always toward the smaller adhesion force. They used their own code 
and validated it with an optical visualising experiment. 
The effects of hydrophobic/hydrophilic properties on liquid droplet behaviour in the 
micro-channels of PEM fuel cells was studied by Cai et al. (2006). The CFD package 
Fluent was used in combination with its VOF model to keep track of the gas-liquid 
interface. They found that the hydrophobic conditions were advantageous in moving 
the water droplets faster along a surface. Moreover, the best results were obtained 
with a hydrophobic GDL surface and a hydrophilic side walls. This kept the water 
droplets away from the GDL surface for more effective gas diffusion and water 
release. 
Zhan et al. (2006) characterised the motion of droplet and film water in flow 
channels. The droplet and film water movement was tracked in a straight and 
serpentine channel for different gas velocities. At low air velocities the effects of 
surface tension and wall surface adhesion on liquid water motion are obvious, while 
at high air velocities inertia force plays the main role in moving liquid water. Liquid 
water is more easily moved along the channel under high air velocity than under low 
air velocity, and in a straight channel rather than a serpentine channel.  
In a series of publications, a general model of a full PEM fuel cell was built by Le 
and Zhou (2008; 2009a; 2009b) to include various phenomena in a fuel cell, namely 
fluid flow, heat transfer, species transport, electrochemical reaction, and current 
distribution. A CFD package was used with its user defined function to implement 
the general model. The studies aimed to understand the effect of liquid water on the 
performance of different PEM fuel cell flow field designs. Liquid water droplets 
were initiated at different locations, suspended in the cathode gas channel, after 0.5 
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seconds of running the simulation instead of emerging from the GDL, to reduce 
calculation time. The studies investigated different flow field designs; namely, 
serpentine, serpentine-parallel, and interdigitated. The motion, deformation, 
coalescence, and detachment of the droplets were analysed for the different designs 
at‎ various‎ time‎ steps.‎They‎determined‎ that‎ the‎ channels’‎design‎has‎ an‎ impact‎on‎
liquid water distribution and current distribution inside a PEM fuel cell. They also 
noted that small droplets have the tendency to remain in the corners because of the 
insufficient force in gas flow to move the droplets in such regions. The study was 
extended‎into‎a‎three‎cells’‎stack‎(Le & Zhou, 2010). The results showed that the low 
distribution of species in a flooding cell degrade its performance; furthermore, the 
full stack performance can become affected by the performance of a flooding cell 
because average current density values must be identical in all single cells. Le et al. 
validated the liquid water behaviour in serpentine channels in a VOF numerical 
simulation with an experimental visualisation (Le et al., 2010). Results from the 
numerical simulation were in good agreement with the experiments. The shapes and 
locations of liquid water droplets at a given time were similar and the usage of VOF 
method for multi-phase flow was found to be suitable for water behaviour 
investigations. 
Zhu et al. (2007b; 2007a; 2008b; 2010) applied the same method, the VOF method, 
but focused on different issues. Throughout a series of publications they tracked the 
gas-liquid interface in two- and three- dimensions. In their simulation, the MEA 
layer was neglected and they concentrated on a straight gas channel with a pore in 
the bottom to inject liquid water; in addition, their domain was small in dimension 
but representative of real gas channels in a PEM fuel cell, to reduce the calculation 
time. They focused on the effect of geometrical structure throughout various 
parametric studies, including the effect of channel size, channel cross-sectional 
geometry, pore size, and GDL hydrophobicity. The studies were conducted to 
analyse liquid water droplets’ emergence, growth, deformation, detachment, and 
coalescence. It was found that the droplets initial connection to the pores affected the 
critical air velocity of the droplet detachment, compared to previous studies with the 
droplets introduced stagnant in the gas channel. A reduction in the water coverage 
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ratio resulted from a higher air inlet velocity. The height of channel was found to 
have an impact on water droplet deformation and detachment. This resulted in a 
more advanced study analysing water droplet detachment diameter, detachment time, 
and water coverage ratio with different channel cross-section geometries such as 
rectangle with different aspect ratios, rectangle with curved bottom wall, trapezoid, 
up-side-down trapezoid, triangle, and semicircle (Zhu et al., 2010). Additionally, an 
analysis was conducted on a simple domain, with various GDL contact angles to 
study its impact on water droplet detachment (Zhu et al., 2008b). Later, the effect of 
side wall wettability was studied when moving the water inlet closer to the sidewall, 
because a central water inlet showed no water attachment on the sidewall (Zhu et al., 
2011). They found that a hydrophobic sidewall results in droplet detachment and fast 
removal with high pressure drop, on the other hand, a hydrophilic sidewall leads to a 
water film and accumulation with a lower pressure drop. 
In a study reported by Du et al. (2010) the two-phase flow was simulated with liquid 
water introduced from the side wall in mini-channels, which helped to understand the 
flow characteristics in PEMFC mini-channels. The aim was to compare a PEMFC 
gas channel two-phase flow with a traditional two-phase flow. In fuel cell gas 
channels water emerges from side walls along the channel, while traditional two-
phase flow water is introduced from the channel inlet. Water accumulation increased 
and slugs were elongated when water was introduced from the side walls into the 
channel; compared to a case where water was introduced at the inlet, indicating 
different liquid water patterns might be observed. Liquid water emerging from the 
bottom wall at different locations led to a high pressure drop and pressure drop 
fluctuation. Liquid water was found to flow near to the wall with a lower contact 
angle, with the change in contact angle leading to a change in the flow pattern. The 
slug frequency decreased with increasing water inlet size. Liquid accumulation was 
enhanced with the increase in the number of water inlets. 
The effect of the GDL surface was investigated by Ding et al. (2010), who altered the 
structure of water inlets by changing the water inlet diameter and number of 
openings. It was found that the water inlet diameter did not change the flow pattern; 
however, surface wettability had a significant impact on the flow pattern. It was 
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suggested that a minimum of 4 water inlets (a maximum of 100 µm diameter) was a 
representable microstructure of a GDL surface. It was also found that the liquid 
water flow rate could be amplified to shorten the computational time to study the 
flow characteristics in an operating fuel cell gas channel. Later, Ding et al. (2013) 
investigated the two-phase flow distribution in communicating parallel channels. The 
communication between parallel channels in real fuel cells occurs through the porous 
GDL via in-plane diffusion. It was found that with communication channels water 
was retained longer in the channels, especially with wide communication channels, 
and delayed water removal from the channels. Communication channels also 
increase the flow maldistribution. Communication between parallel channels should 
be avoided or reduced to a minimum. Ding et al. also coupled two models, 1D MEA 
model with 3D VOF in the channel, to investigate the impact of two phase flow on 
PEM fuel cell performance (Ding et al., 2013). Hydrophobic MEA was found to 
extend the ohmic region and increased cell performance; in addition, increasing the 
gas flow could extend the ohmic region but result in a high pressure drop and a little 
performance improvement. 
Hossain et al. (2013) reported a study in which they used two different models, 
Eulerian two phase mixture and VOF, to study water dynamics inside a cathode 
channel. It was observed that control of water transport can be achieved by 
controlling water pores in the GDL via distributing hydrophilic fibres inside the 
hydrophobic fibre matrix to create paths through the GDL. Furthermore, GDL 
surface coverage could be decreased by reducing the water inlet diameter, by placing 
water inlets near channel walls, and by increasing the distance between water inlets. 
The effect of the microstructure of the GDL surface on liquid water droplet 
movement was investigated by Chen et al. (2013). Three GDL microstructures were 
considered: crisscross distributions, parallel distributions, and orthogonal distribution 
of fibres. The surface microstructure was found to have an effect on droplet 
movement in a gas channel, where parallel distribution showed the best results for 
droplet detachment and flooding reduction in the gas channel.  
Kim et al. (2014) have studied the effect of pore distance, pore location, sidewall 
contact angle, and airflow rate on liquid droplets emerging from two adjacent inlets. 
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The coalescence of droplets was found to enhance water removal, compared to single 
small droplets. A hydrophilic wall reduces the GDL surface coverage, while a 
hydrophobic wall is more likely block the gas flow. The pressure drop was found to 
be greatly dependent on any change in the effective surface occupied by liquid water. 
2.2.4 Lattice-Boltzmann Method (LBM) 
The Lattice-Boltzmann method (LBM) has been used recently to simulate and 
understand two-phase flow in a PEM fuel cell. Unlike traditional CFD methods that 
use the Navier-Stokes equations to calculate properties of a flow, the LBM model 
includes fluid as fictive particles that perform consecutive propagation and collision 
processes over a lattice mesh. Thus, LBM was found to provide better 
representations of microscopic interactions between different phases in a multi-phase 
flow. The method has the potential to simulate a two phase flow in a PEM fuel cell 
however it is difficult to apply this on larger scales in addition to the challenges it is 
facing coupling the model with heat transfer and electrochemical reactions 
(Anderson et al., 2010). 
Regardless of the challenges LBM modellers face simulating the phenomena in PEM 
fuel cells, there are some reported studies using it to understand some aspects. Wang 
and Afsharpoya (2006) reported a study in which they simulated two problems 
relevant to fuel cell modelling. They simulated a three-dimensional viscous flow 
through a section of a serpentine channel and found that the flow pattern and 
pressure distribution depended on the flow Reynolds number. They also simulated a 
two-dimensional channel filled and partially filled with porous media and found that 
using small particle velocity in an LB scheme assist users in obtaining correct results 
at the interface and near the boundary. 
Niu et al. (2007) reported a study in which they investigated water-gas transport 
processes in a PEM fuel cell GDL using a multiple-relaxation-time LBM. They 
achieved qualitative results that were consistent with previous numerical and 
theoretical works by comparing relative permeabilities and visualising the water 
transport through a GDL. 
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Park and Li (2008) reported a study in which they modelled the multi-phase flow 
through carbon cloth and carbon paper GDLs. The GDL porous structure was 
obtained from microscopic images. The model predicted permeability values that 
match well with experimental measurements from literature. They found that fibre 
orientation is critical because the permeability varies considerably with flow 
direction. 
Mukherjee et al. (2009) developed a mesoscopic, two-phase LBM model coupled 
with stochastic microstructure reconstruction to investigate the structure wettability 
effect on liquid water transport in a PEM fuel cell GDL and catalyst layer. A purely 
hydrophobic GDL was compared with a mixed wettability GDL where the initial one 
was favourable because of the narrow flooding front that facilitated effective oxygen 
transportation through the GDL. Complex interfacial water dynamics were observed 
in the fully hydrophobic GDL, including droplet interactions, flooding front 
formation and propagation that made it less favourable. In the catalyst layer, a 
connected pathway for transport was found as the water saturation level increase due 
to the capillary action. 
The dynamic behaviour of water droplet formation and removal in PEM fuel cell gas 
channels was investigated by Hao and Cheng (2009) using LBM. Namely, the 
droplet detachment size and the time taken for the droplet to be removed from the 
channel were compared for various gas flow velocity and GDL surface wettability. 
The increase in gas flow velocity and GDL hydrophobicity reduced the detachment 
size of the droplet and improved the droplet removal from the channel. Furthermore, 
a highly hydrophobic GDL surface reduced the GDL water coverage percentage 
providing a larger GDL area for gas reactant transport. 
2.3 SUMMARY OF THE LITERATURE REVIEW 
The literature review has shown a significant influence of gas channel design, 
namely the gas channel configuration, cross sectional geometry and wettability, on 
PEM fuel cell performance through experimental studies. Based on this, researchers 
began building mathematical models to save time and cost when investigating PEM 
fuel cell performance in various shapes and configurations of gas channels. The 
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multi-fluid and mixture models were comprehensive; however, they lacked a clear 
visualisation of the two-phase interface in the PEM fuel cell, especially in gas 
channels. The VOF model showed the two-phase interface clearly but needed to be 
combined with another model to be suitably comprehensive. 
The dynamic behaviour of liquid water in a fuel cell gas channel found to get affect 
by factors including wall wettability, GDL wettability, air inlet velocity, water 
velocity, and more. The water is subjected to forces acting on it in a gas stream such 
as shear stress, surface tension, pressure, gravity, and inertial force. A water droplet 
shape and motion depends on a combination of effects from these forces. Water 
emerging from locations close to the walls tends to spread on the walls and create a 
film flow while water emerging from the centre of the gas channel tends to coalesce 
and create water slugs, all depending on the wettability, and air and water velocities. 
At the initial stages of water production droplets are produced, then coalesced 
droplets form slugs, and coalesced slugs form film flows. Sharp angles in the cross 
section geometry move the water to the walls easier than sharp and wide angles. 
Sharp angles also allow for non-filled corners. 
Many VOF investigations have been found but more is needed to attain a better 
understanding of the physics of two-phase flow in PEM fuel cell gas channels; 
especially, the effects of wall and GDL wettability and cross section geometry on 
liquid water dynamic behaviour for their critical influence on fuel cell performance. 
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CHAPTER 3. TEST CASES 
 
Liquid water behaviour have been examined in various test cases to understand the 
effect of surface and geometry design on pressure drop along a channel, and water 
content in the channel and covering the GDL. The test cases examined in this thesis 
are presented and explained in this chapter. 
3.1 TEST CASE I: STRAIGHT SHORT CHANNEL WITH FLOW DIFFUSION 
Prior to starting the surface and geometry design investigations an important 
phenomenon needs to be examined, which is the effect of flow diffusion into the 
GDL on liquid water behaviour in a gas channel. There are various studies in the 
literature explaining liquid water dynamic behaviour in fuel cell gas channels to a 
good extend (Ding et al., 2010; Du et al., 2010; Zhan et al., 2006; Zhu et al., 2007a; 
Zhu et al., 2008b); however, the phenomenon of flow diffusion into the GDL was 
totally neglected. Water is introduced into the gas channels as a result of the 
electrochemical reaction in the catalyst layer; so the gas needs to be diffused into the 
GDL to complete the reaction. Also, water might accompany the gas in the diffusion 
process. A better understanding of the effect of flow diffusion, gas and liquid, on 
liquid water dynamic behaviour is essential. In this test case, an investigation has 
been carried out to explore the effect of partial flow removal from the lower surface 
of a gas channel on liquid water droplet emergence and removal. Partial flow 
removal corresponds to flow diffusion into the GDL in a PEMFC gas channel. 
During the analysis, the pressure drop, water saturation in the channel and water 
covering the GDL has been used to study different fuel cell and GDL parameters. 
Calculation of this test case was obtained using Star-CCM+. The flow is assumed to 
be laminar. A three-dimensional straight single channel is used. The channel has a 
cross section of 0.25 mm x 0.25 mm and a length of 1.0 mm. The bottom wall has a 
contact angle of 135°, representing a hydrophobic GDL. The other three walls 
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represent the bipolar plate surfaces, and their contact angle has been be specified 
later in the discussion. There is one water inlet pore with a diameter of 50 µm, which 
represents a large pore in the GDL surface, from which liquid water typically 
emerges into the gas channel. Flow diffusion pores are all the same size and are 
smaller than the water inlet pore. They are distributed evenly over the lower surface 
of the channel, as shown in Figure ‎3-1. 
 
Figure ‎3-1: The simulated gas channel with one water inlet and multiple flow diffusion 
outlets. 
3.2 TEST CASE II: STRAIGHT SHORT CHANNEL WITH DIFFERENT CROSS 
SECTION GEOMETRIES 
There is a common cross section geometry that has been used in various studies 
(Berning et al., 2010b; Ding et al., 2011; Mondal et al., 2010); it is a rectangular 
cross section with few uses of a square cross section. On the other hand, some studies 
have examined different geometries showing an influence on water movement and 
detachment (Akhtar et al., 2009; Gopalan & Kandlikar, 2013; Gopalan & Kandlikar, 
2014; Zhu et al., 2010). Test case 2 examines liquid water behaviour in five different 
geometries under flooding conditions. Flooding is established by positioning three 
consecutive water inlets to introduce water into the gas channel. Star-CCM+ has 
been used to perform calculations for this test case. The different geometries are 
square, semi-circle, triangular, trapezoid with a short base, and trapezoid with a long 
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base. Test case 1 had a square cross section with a length of 0.25 mm, so the same 
size has been used in test case 2 to set out the other geometries according to their size. 
Firstly, the dimensions of the geometries has been set to produce the same Reynolds 
number as that obtained in the square geometry. This comparison is presented from 
the hydrodynamics point of view and does not apply to a real fuel cell application. 
Changes in the size of GDL interface increase the amount of water reaching the 
catalyst layer and react to generate water. This affects the current density and keeps 
the water inlet velocity the same, which makes the inlet conditions not comparable in 
terms of real fuel cell application. One would also expect a similar pressure drop 
because of the constant Reynolds number. Secondly, the dimensions of the 
geometries have been set, so that the GDL interface and depth into the bipolar plate 
is fixed in addition to having the same mass flow rate, as that obtained in the square 
geometry. This comparison is more realistic in terms of water emergence into the gas 
channel and makes it closer to a real fuel cell application. Shapes and Dimensions are 
presented in Table ‎3-1 for the fixed Reynolds number scenario and the fixed GDL 
interface and mass flow rate scenario. 
Table ‎3-1: Shapes and Dimensions. 
Shape Dimensions for fixed 
Reynolds number (Re = 
160) 
Dimensions for fixed GDL 
interface and mass flow 
rate 
 
Base = 0.25 mm  
Height = 0.25 mm  
Base = 0.25 mm  
Height = 0.25 mm 
Re = 160 
 
Radius = 0.2046 mm Radius = 0.125 mm 
Re = 248 
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Base = 0.433 mm 
Height = 0.375 mm 
Base = 0.25 mm 
Height = 0.25 mm 
Re = 197 
 
Base = 0.4 mm 
Top = 0.2 mm 
Height = 0.229 mm 
Base = 0.25 mm  
Height = 0.25 mm 
Top = 0.5 * Base 
Re = 179 
 
Base = 0.2 mm 
Top = 0.4 mm 
Height = 0.229 mm 
Base = 0.25 mm 
Height = 0.25 mm 
Top = 1.5 Base 
Re = 140 
 
3.3 TEST CASE III: STRAIGHT SHORT CHANNEL WITH VARIOUS 
WETTABILITY COMBINATIONS 
Test case 3 examines the effect of different wall and GDL wettability combinations 
on liquid water dynamic behaviour in a straight channel. A previous study was 
conducted on liquid water behaviour in a straight channel (Zhu et al., 2008b); 
however, water was introduced from a single inlet which does not allow it to grow 
large enough to reach the walls. Furthermore, different flow pattern could be 
observed when the number of water inlets is increased from one to multiple inlet 
pores (Ding et al., 2010). This test case has three water inlets to ensure that the water 
reaches the walls to study the effect of wettability on water distribution in the 
channel. The CFD package, Fluent, was used to attain the results for this test case. 
The common employed cross sectional shape of a PEM fuel cell gas channel has 
been used in this test case, the square cross section. The bottom wall is dealt with as 
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a GDL surface, while the other sides represent the gas channel walls. The cross 
section is square with a length of 0.25 mm and the length of the channel was set to 
1.5 mm. A short length was chosen to focus on the initial stages of water emergence 
into the gas channel. Three pores have been used to introduce water into the channel 
to flood it and they are 0.25 mm apart. The gas channel is shown in Figure ‎3-2. 
Further explanations of the geometry are presented in the methodology section. 
 
Figure ‎3-2: Gas channel domain used for a short straight channel. 
The inlet velocity values for air and water are 10 m/s and 1 m/s, respectively. The 
water inlet velocity is assumed to be the same for all inlets, because they are close 
and assumed to share the same water generation sites in the catalyst layer. Air and 
water velocities correspond to Reynolds numbers of 160 and 50, respectively. In 
order to study a wide range of wettability combinations from hydrophilic to 
hydrophobic, three contact angles were chosen, as are shown in Table ‎3-2. El-
kharouf, et al. (2012) has reported a study characterising various type of GDLs and 
the lowest contact angle they reported was 61°. However, less hydrophilic contact 
angle was included in the study to cover a long range of wettability although it is not 
favoured for real fuel cell applications. Hydrophilic GDL tends to block its surface 
and prevent gases from diffusing into the MEA. 
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Table ‎3-2: Calculated wettability combinations for a straight channel. 
         Wall 
GDL 
Hydrophilic 45° Moderate 90° Hydrophobic 135° 
Hydrophilic 45° 
Wall‎Ө=45° 
GDL‎Ө=45° 
Wall‎Ө=90° 
GDL‎Ө=45° 
Wall‎Ө=135° 
GDL‎Ө=45° 
Moderate 90° 
Wall‎Ө=45° 
GDL‎Ө=90° 
Wall‎Ө=90° 
GDL‎Ө=90° 
Wall‎Ө=135° 
GDL‎Ө=90° 
Hydrophobic 135° 
Wall‎Ө=45° 
GDL‎Ө=135° 
Wall‎Ө=90° 
GDL‎Ө=135° 
Wall‎Ө=135° 
GDL‎Ө=135° 
 
3.4 TEST CASE IV: 90° BEND SHORT CHANNEL WITH VARIOUS WETTABILITY 
COMBINATIONS 
The previous test case covered the effect of wettability in a straight channel, and 
because gas channel configurations, especially serpentine, is made of straight and 
bend channels, test case 4 examine the effect of different walls and GDL wettability 
combinations on liquid water dynamic behaviour in a 90° bend channel. This test 
case includes two water inlets, to ensure that water reaches the walls, and to study the 
wettability effects on water distribution in the channel. Furthermore, a lower number 
of inlets was used in the bend channel, as presented in Figure ‎3-3, due to the 
formation of less liquid water close to the channel bends in serpentine flow fields 
(Ous & Arcoumanis, 2007). Fluent was used to attain the results for this test case. 
The same common shape of cross sectional geometry was used again in this test case. 
The bottom wall was dealt with as a GDL surface, while the other sides were the gas 
channel walls. The cross section was a square with a length of 0.25 mm, and the total 
length of the channel was set to be 1.5 mm. A short length was chosen as the focus 
for the initial stages of water emerging into the gas channel. Two pores were used to 
introduce water into the channel and flood it, as can be seen in Figure ‎3-3. Pores are 
randomly placed 0.25 mm apart. Further explanation of the geometry is presented in 
following sections. 
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Figure ‎3-3: Gas channel domain used for a short 90° bend channel. 
The inlet velocity values for air and water are 10 m/s and 1 m/s, respectively. The 
water inlet velocity is assumed to be the same for both inlets because they are close 
and assumed to share the same water generation site in the catalyst layer. Air and 
water velocities correspond to Reynolds numbers of 160 and 50, respectively. In 
order to study a wide range of wettability combinations from hydrophilic to 
hydrophobic, three contact angles were chosen, as shown in Table ‎3-3. The same 
applies to this test case as the previous test case on why a 45° hydrophilic surface 
was chosen. 
Table ‎3-3: Calculated wettability combinations for a bend channel. 
             Wall 
GDL 
Hydrophilic 45° Moderate 90° Hydrophobic 135° 
Hydrophilic 45° 
Wall‎Ө=45° 
GDL‎Ө=45° 
Wall‎Ө=90° 
GDL‎Ө=45° 
Wall‎Ө=135° 
GDL‎Ө=45° 
Moderate 90° 
Wall‎Ө=45° 
GDL‎Ө=90° 
Wall‎Ө=90° 
GDL‎Ө=90° 
Wall‎Ө=135° 
GDL‎Ө=90° 
Hydrophobic 135° 
Wall‎Ө=45° 
GDL‎Ө=135° 
Wall Ө=90° 
GDL‎Ө=135° 
Wall‎Ө=135° 
GDL‎Ө=135° 
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3.5 TEST CASE V: STRAIGHT LONG CHANNEL WITH WATER ACCUMULATION 
In the fifth test case, the accumulation of liquid water has been examined while 
amending different operating conditions. Air and water velocity, and wall wettability 
has been altered to study their effects on water accumulation in a gas channel. The 
effect of these criteria were examined due to their impact on liquid water 
characteristics in fuel cell gas channels (Steinbrenner et al., 2011). A longer channel 
than the one used in test case 3 has been utilised in this test case, to observe the 
accumulation of water visually. After the water has accumulated and the water 
content in the channel stabilised, pressure drop, water occupancy, and the time taken 
for the water content to stabilise has been compared. STAR-CCM+ was used for the 
calculations in this test case. 
The channel has a 0.25 mm x 0.25 mm square cross section and a length of 10 mm. 
The bottom wall has a contact angle of 135° representing a hydrophobic GDL. The 
remaining three walls represent the bipolar plate surfaces with a hydrophilic contact 
angle of 45°, unless mentioned otherwise. There are 13 water inlet pores with the 
same diameter of 50 µm; these represent large pores in the GDL surface, from where 
liquid water is most likely to emerge. The pores are randomly placed 0.75 mm apart 
to spread them on the GDL, as shown in Figure ‎3-4. The base case has an air velocity 
of 10 m/s and water velocity of 1 m/s. 
 
Figure ‎3-4: Water inlet locations in the simulated gas channel. 
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CHAPTER 4. METHODOLOGY 
 
This chapter thoroughly detail the numerical method used in the calculations. Many 
numerical approaches are there to be used to improve our understanding of fuel cell 
phenomena. However, the volume-of-fluid (VOF) method was identified as the most 
suitable for tracking liquid water behaviour in gas channels. 
4.1 VOLUME-OF-FLUID METHOD 
The volume-of-fluid (VOF) technique is a numerical approach with the capability of 
treating free boundaries (fluid-fluid interface) in a calculation mesh. The VOF 
method was developed by Hirt and Nichols (1981). It is a simple, yet efficient, 
computational fluid dynamics (CFD) method, with the ability to track immiscible 
interfaces and calculates surface tension using the concept of volume fraction. A 
geometric Piecewise-Linear Interface Calculation (PLIC) reconstruction scheme 
(Youngs, 1982, 1984) was used to address any imperfections in the interface 
description for better visualisation during the multiphase motion . The VOF model is 
a suitable technique for the study, as it facilitates transient tracking of the liquid-gas 
interface. 
The VOF method depends on the fact that two fluids are not interpenetrating. For 
every phase added to the model a volume fraction is introduced to the computational 
cell. In every control volume, the volume fractions of all phases can be assumed to 
achieve unity. The properties of any phase in any given cell are calculated using the 
volume fraction of a specific wanted phase. Consequently, the properties in any 
given cell are either purely representative of a given phase, or representative of a 
mixture of phases, depending on the volume fraction values. In other words, if the k
th
 
fluid volume fraction is denoted as 𝐶𝑘, then there are three possible conditions, as 
presented in equation (4.1) (ANSYS, 2009). 
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Ck = {
0                                                         (The‎cell‎is‎empty‎of‎fluid k‎)
1                                                               (The‎cell‎is‎full‎of‎fluid k‎)
0 − 1  (The‎cell‎is‎interface‎between fluid‎k‎and‎another‎fluid)
  (4.1) 
Then, the appropriate property of any fluid can be calculated according to the 
representative 𝐶𝑘 value where the sum of the volume fraction of all phases is 1. 
∑ Ck = 1
n
k=1          (4.2) 
The volume fraction 𝐶𝑘  is governed by the volume fraction continuity equation, 
which is solved for every computational cell: 
∂
∂t
(Ckρk) + ∇. (Ckρkv⃗ k) = 0       (4.3) 
Then, the velocity of the two-phase flow is calculated using a single set of continuity 
and Navier-Stokes equations which are dependent on the volume fractions across all 
phases through the fluid properties‎ρ‎and‎µ. 
∂ρ
∂t
+ ∇. (𝜌v⃗ ) = 0        (4.4) 
∂
∂t
(ρv⃗ ) + ∇. (ρv⃗ v⃗ ) = −∇𝑝 + ∇. [μ(∇v⃗ + ∇v⃗ T)] + F⃗      (4.5) 
Where 𝑝  is the static pressure, F⃗  is a momentum source term related to surface 
tension, ρ‎and‎µ‎are‎the‎volume‎averaged‎density‎and‎dynamic viscosity, respectively. 
These are computed to account for the variable volume fractions for the two-phase 
systems considered:  
ρ = ρ1 + C2(ρ2 − ρ1)       (4.6) 
μ = μ1 + C2(μ2 − μ1)       (4.7) 
where subscripts 1 and 2 represent the two phases, air and water, respectively.  
The VOF model employs a finite difference method based on the use of rectangular 
grids (Fang et al., 2008). Nodal values of the volume fraction 𝐶 and the pressure 𝑝 
are defined at the centre of each cell, while the nodal values for the horizontal and 
vertical velocity components are defined at the midpoints of the vertical and 
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horizontal sides, respectively. At each time step the volume fraction  𝐶 , which 
indicates the two-phase interface position, is first updated and then followed by a 
calculation of surface tension. Finally, velocity and pressure fields are solved based 
on the Navier–Stokes equation. Updating the location of the interface is based on 
Young’s‎PLIC‎method (Youngs, 1982) to geometrically reconstruct the free surface, 
in which the normal vector 𝑛 of the interface is first related to the gradient of volume 
fraction by 𝑛 = ∇𝐶/|∇𝐶| . Then, a flat plane with a normal vector 𝑛  is used to 
approximate the real liquid–gas interface within each cell. With the knowledge of the 
position change of the interface, the volume of fluid transferring into the 
neighbouring cells is evaluated and the volume fraction 𝐶 updated. Figure ‎4-1 shows 
an example of the volume fraction 𝐶𝑘 distribution in a mesh. 
 
Figure ‎4-1: Example of volume fraction distribution in a mesh. 
4.1.1 Surface Tension 
Surface tension is a tensile force that is tangential to the interface separating two 
fluids. The VOF method uses the continuum surface force (CSF) model to account 
for surface tension (CD-Adapco, 2013). The CSF model uses the pressure jump 
across an interface, which is dependent on the surface tension coefficient, to express 
the surface tension force and implement it in the momentum equation as a body force. 
𝑝2 − 𝑝1 = 𝜎 (
1
𝑅1
+
1
𝑅2
)       (4.8) 
where 𝑝 is the pressure of each phase across the interface, 𝜎 is the surface tension 
coefficient, and 𝑅1 , 𝑅2  are the surface curvatures as measured by two radii in 
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orthogonal directions. The surface curvature is computed from local gradients on the 
surface that is normal at the interface. Let 𝑛 be the surface normal, defined as the 
gradient of 𝑎𝑘, the volume fraction of the 𝑘
𝑡ℎ phase. 
𝑛 = ∇𝐶𝑘         (4.9) 
The curvature, 𝜅, is defined in terms of the divergence of the unit normal, ?̂?: 
𝜅 = ∇. ?̂?         (4.10) 
where 
?̂? =
𝑛
|𝑛|
          (4.11) 
If only two phases are occupying a cell, the volume force that can be used in the 
momentum equation to account for the surface tension can be written as follows: 
𝐹𝑣𝑜𝑙 = 𝜎𝑖𝑗
𝜌𝜅𝑖∇𝐶𝑖
1
2
(𝜌𝑖+𝜌𝑗)
        (4.12) 
where 𝜌 is a volume-average density 
𝜌 = ∑𝐶𝑘 𝜌𝑘         (4.13) 
4.1.2 Static Contact Angle 
Wall static contact angle can be added as an option to the surface tension model, to 
account for wall wettability. Although advancing and receding contact angle are 
more representable of the dynamic movement of a droplet, static contact angle 
provides a good estimation to the droplet movement and dynamic behaviour. The 
wall‎contact‎angle‎modifies‎ the‎fluid’s‎surface‎normal‎ in‎ the‎cells‎near‎ to the wall, 
rather than imposing this boundary condition on the wall itself. This boundary 
condition then results in an adjustment of the curvature of the surface near the wall. 
In the current study, the surface wettability was set by changing the contact angle, 
where it was calculated from the liquid side so that the small contact angle represents 
a hydrophilic surface and a large contact angle represents a hydrophobic surface, as 
presented in Figure ‎4-2. 
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Figure ‎4-2: Wettability static contact angles. 
If 𝜃𝑤 is the contact angle at the wall, the surface normal at the live cells next to the 
wall has been 
?̂? = ?̂?𝑤 cos 𝜃𝑤 + ?̂?𝑤 sin 𝜃𝑤       (4.14) 
where ?̂?𝑤 and ?̂?𝑤 are the unit vectors normal and tangential to the wall, respectively. 
The local curvature of the interface surface near to a wall can be determined from the 
combination of the surface normal calculated with the contact angle, equation (4.14) 
with the normally calculated surface normal one cell distant from the wall; equation 
(4.11). This curvature is used to adjust the body force term in the surface tension 
calculation in equation (4.12). 
4.2 DIMENSIONLESS QUANTITIES 
The importance of some forces can be determined using dimensionless quantities in 
fluid dynamics, e.g. gravity force. If the influence of these forces can be proven to be 
minimal using dimensionless numbers, they can be neglected in the calculations to 
make it simpler and faster to conduct and obtain results. The Reynolds number, 
Weber number, Capillary number and Bond number are the dimensionless quantities 
that have been considered in the studies. The Reynolds number is used to determine 
the state of the flow where low Reynolds number (<2000) indicates a laminar flow, 
and a high Reynolds number (>4000) indicates a turbulent flow. The Reynolds 
number is defined as 
𝑅𝑒 =
𝜌𝑣𝐷
𝜇
         (4.15) 
where 𝜌 is the density of the flowing fluid, 𝑣 is the velocity of the flowing fluid, 𝐷 is 
the hydraulic diameter, and 𝜇 is the dynamic viscosity of the flowing fluid. A laminar 
flow is when the fluid flows in parallel streamlines with no disruptions, while a 
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turbulent flow has a chaotic disrupted streamlines. Having a laminar flow simplifies 
the governing equations and reduces the calculation time. 
The Capillary number represents the relative effect of viscous forces versus surface 
tension; these act across the interface between a liquid and a gas, or between two 
immiscible liquids. 
𝐶𝑎 =  
𝜇𝑣
𝜎
         (4.17) 
where the surface tension force is represented by 𝜎 , the dynamics viscosity is 
represented by 𝜇, and the velocity is represented by 𝑣. 
The importance of the inertia force relative to the surface tension force can be 
determined using the Weber number. A small Weber number represents a surface 
tension force dominating an inertia force. 
𝑊𝑒 =
𝜌𝑣2𝑟
𝜎
          (4.18) 
where 𝜌 is the density of the air, 𝑣 is the velocity of air, 𝑟 is the hydraulic radius, and 
𝜎 is the surface tension of the interface. 
Bond number is used to measure the importance of gravitational forces relative to 
forces of surface tension. A high bond number usually indicates the domination of 
gravitational forces, while a low bond number (typically one is the mark point) 
shows domination of surface tension. The Bond number is represented by the 
following equation: 
𝐵𝑜 = 
𝜌𝑔𝑟2
𝜎
         (4.16) 
where 𝜌 is the difference in density of the two phases in the two-phase flow, 𝑔 is the 
gravitational force, 𝑟  is the hydraulic radius of the channel, and 𝜎  is the surface 
tension of the interface. 
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4.3 THE MODEL 
Several assumptions are required to complete the setup of the numerical calculations. 
The assumptions that have been made are valid for all the conducted simulations in 
the study unless stated otherwise. In the simulations, the flow is assumed to be 
laminar, transient and isothermal for both phases in the channel, air and liquid water. 
The flow is laminar because the range of operating fuel cell current densities 
corresponds to a range of Reynolds numbers from 0 – 2077 (Martin et al., 2005). 
Furthermore, a small Reynolds number is typical for microscale flows (Fang et al., 
2008). The flow is assumed to be isothermal to simplify the complexity of the two-
phase flow, and transient and three dimensional for the interest of tracking the liquid-
gas interface. The numerical model was applied using two different packages in the 
study, ANSYS - Fluent 13.0.0 and STAR-CD - STAR-CCM+ 7.04.006, upon 
availability during the course of developing this work,. Both packages use the finite 
volume method to perform calculations. The main noticeable difference is in the 
availability of pressure-velocity coupling algorithms and discretisation schemes, 
where Fluent provides more options than STAR-CCM+. A combination of a PISO 
algorithm and a QUICK discretisation scheme were used for cases calculated using 
Fluent. STAR-CCM+ runs the SIMPLE algorithm by default without offering any 
other options. Additionally, a second-order upwind scheme was selected as this was 
recommended in the STAR-CCM+ manual for VOF calculations (CD-Adapco, 2013). 
4.3.1 Domain Dimensions 
There are three common configurations used in the fuel cell industry; parallel, 
serpentine and interdigitated, as shown in Figure ‎4-3. The parallel design has a major 
disadvantage pressure and flow distribution where they do not distribute evenly 
which may lead to water blockage in the middle channel and loss of performance (Li 
& Sabir, 2005). The serpentine channel found to be more popular for its effective 
water removal and better performance (Aiyejina & Sastry, 2012). The interdigitated 
design found to enhance performance under high current density but its large 
pressure loss that led to high parasitic power requirement for air compression limited 
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it application to smaller stacks (Li & Sabir, 2005). Accordingly, the study considered 
the serpentine gas channel configuration. 
 
Figure ‎4-3: Common fuel cell gas channel configurations. 
The study focus on the initial stage of the serpentine gas channel where there is no 
water emerged into the channel earlier as shown in Figure ‎4-3. As one can see, the 
configuration is made of combinations of straight and 90° bend channels. In the 
majority of the study the focus has been on the straight channel section. However, a 
bend channel study was introduced as an initial step toward future work.  
The cross-section geometry selected is rectangular with an aspect ratio of 1 as 
recommended by Wang et al. (2008a). According to Wang et al. (2008b), the 
PEMFC channel cross-sectional dimensions range from 0.1 – 1 mm. A team led by 
Zhu conducted various studies with a channel dimension of 0.25 x 0.25 mm as a 
representative of the gas flow channel used in PEM fuel cells and to reduce 
calculation time (Zhu et al., 2007b; Zhu et al., 2008b; Zhu et al., 2011). Therefore the 
same dimensions have been used in the calculated test cases to reveal liquid water 
behaviour. Furthermore, water is introduced via pores located along the bottom 
surface, representing a GDL surface. The size of the GDL pores depends on the 
material used whether it is carbon paper or carbon cloth.  
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Benziger et al. (2005) measured the pore diameter for different types of GDLs 
including carbon paper and carbon cloth with different percentages of Teflon 
treatment and it was found that a value of 50 µm was suitable to represent a GDL 
pore where water emerge from the GDL to the gas flow channel. The length of the 
channel varies depending on the test case and what needs to be studied. The domain 
common cross sectional dimensions can be seen in Figure ‎4-4. A pore that is located 
in the middle of the channel was chosen for its higher impact on pressure drop when 
compared with a pore closer to the side wall (Zhu et al., 2011). 
 
Figure ‎4-4: Domain dimensions. 
4.4 INITIAL AND BOUNDARY CONDITIONS 
All simulations in the study employ uniform velocity for the incoming airflow in the 
channel and water emergence from the pores. The outlet’s surface condition is set as 
an outflow boundary, because the velocity and pressure are unknown prior to the 
solution of the problem. A no-slip boundary condition is imposed on all wall surfaces. 
Static contact angles are used to establish the wettability of a surface. All simulations 
begin with uniform air velocity and with no liquid water in the channel. Regarding 
air and water inlet conditions, operating fuel cells at current densities 0 – 10 A/cm2 
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would require airflow with a Reynolds number in the range of 10 – 1000 and water 
flow with Reynolds number in the range of 1 – 150 (Zhang et al., 2011). The 
following studies require air and water velocities with Reynolds numbers within the 
specified range to match them to fuel cell gas channels’ operating condition flow 
rates. An air velocity of 10 m/s and a water velocity of 1 m/s offer a good estimate 
for the base case of the various test cases. These velocities result in Capillary (Ca), 
Weber (We) and Bond (Bo) numbers of 1.4 x 10
-2
, 0.7 and 3.4 x 10
-4
, respectively. 
The presented values are calculated based on only one water inlet in the channel. The 
low values of Ca and We numbers indicate the surface tension dominates over 
viscous force and relative inertia which emphasise its importance. The low Bo 
number indicates that gravitational force is negligible. 
4.5 SENSITIVITY ANALYSIS 
The computational mesh used in all the simulations is hexahedral, with a 
characteristic length of 10 µm, with a hydrophobic GDL surface. A mesh sensitivity 
analysis was conducted by decreasing and increasing the characteristic length of the 
mesh. An increase in the characteristic length of the mesh leads to a reduction in 
mesh number, and vice versa. An increase in the characteristic length of the mesh 
also leads to unusual water droplet formation, as in Figure ‎4-5 for the 12 µm. Water 
droplets start to move and behave sensibly relative to the expected formation when 
the characteristic length of the mesh is reduced to 10.5 µm and below. 
 
Figure ‎4-5: Droplet formation for different mesh size.  
A Pressure drop comparison was conducted for different characteristic lengths, as 
seen in Figure ‎4-6. A similar behaviour was observed with no significant differences 
between the pressure drops compared. A characteristic length of 10 µm was selected 
to mesh the domain and conduct calculations in all test cases. 
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Figure ‎4-6: Pressure drop on mesh sensitivity analysis. 
Pressure drop in the channel was analysed to conduct a time sensitivity analysis by 
altering the time step. The base case has a time step of 1x10
-7
 seconds. Decreasing 
the time step to 1x10
-8
 seconds showed a similar trend of pressure drop as the base 
case with a high level of noise, whereas increasing the time step to 1x10
-6
 seconds 
shifted the collapse in pressure drop, as shown in Figure ‎4-7. Therefore, all 
calculations use the base case time step of 1x10
-7
 seconds. 
 
Figure ‎4-7: Pressure drop on time sensitivity analysis. 
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CHAPTER 5. RESULTS AND 
DISCUSSION 
 
In this chapter, results of all test cases are presented and discussed after they were 
calculated. 
5.1 TEST CASE I 
Before describing the study of liquid water behaviour in the gas channel, an 
important phenomenon that has been disregarded in previous studies in the literature 
needs to be understood, that is the effect of fluid diffusion into a GDL on liquid 
water behaviour in a gas channel. This test case study that phenomenon and 
additional GDL properties, to understand and explain the effect of GDL properties on 
liquid water motion in a gas channel before continuing with the analysis of surface 
and geometry design.  
5.1.1 Percentage of Outlet Flow from the Pores 
Fluid diffusion into the GDL is an unavoidable phenomenon in PEM fuel cell gas 
channels. Oxygen is needed at the reaction site of fuel cells to complete the 
electrochemical reactions and generate electricity. Oxygen in the air diffuses into the 
GDL from the gas channel to reach the catalyst layer, where the reaction occurs. As 
air diffuses into the GDL, water might also accompany it. In the current investigation 
pores were added to the GDL surface to account for the flow diffusion. Since air and 
water might diffuse, diffusion pores are set as an outlet for both fluids. The main 
outlet of the channel is where the majority of the fluids leave the channel; however, a 
small percentage diffuse from the GDL pores. From the results obtained by Chen et 
al. (2010) one can estimate that more than 90% of the flow leaves the channel from 
the main outlet, while the reminder diffuses into the GDL. The percentage of flow 
leaving from the GDL varied when investigating the influence of diffusion on water 
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droplet behaviour. To be specific, the influence of flow diffusion on pressure drop 
across the channel, water occupying the channel, and water covering the GDL 
surface has been studied. The percentage of flow exiting from the pores has been 
changed according to Table ‎5-1, which also shows the water droplet removal time. 
Figure ‎5-1a shows the pressure drop for the different percentages of flow diffusion 
into the GDL. The pressure drop is measured between the air inlet and the outlet. It 
can be seen that the highest pressure drop occurs when the least amount of flow is 
diffused into the GDL, i.e. 1% flow diffusion. When the percentage of diffused flow 
increases this reduces the size of the droplets forming in the channel (see Figure ‎5-2) 
which also affects water occupancy in the channel (see Figure ‎5-1b). Water occupies 
more of the channel when the flow diffusing into the GDL decreases. Furthermore, 
the percentage of water covering the GDL, as shown in Figure ‎5-1c, is highest at the 
lowest percentage of flow diffusion, i.e. 1% diffusion. Conversely, a change in the 
percentage of flow diffusion from 3.5% to 5% has no significant impact on pressure 
drop. A percentage of flow diffusion of 3.5% has been selected as the base case for 
the remaining investigations in this study, because a further increase in flow 
diffusion did not alter the pressure drop and it showed a middle value in regard to 
water occupancy in the channel. 
Table ‎5-1: Values of flow diffusion percentage with water droplet removal time. 
Diffusion percentage [% of total outlet] 1 3.5 5 
Water droplet removal time [ms] 2.10 2.27 2.47 
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Figure ‎5-1: a) pressure drop for different diffusion percentage, b) percentage of water 
occupying the channel for different diffusion percentage, and c) percentage of water 
covering the GDL for different diffusion percentage. 
b 
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Figure ‎5-2: A top view of the size of a droplet toward the channel outlet for different 
diffusion percentage; left for high flow diffusion, middle for medium (base case) 
flow diffusion, and right for low flow diffusion. 
5.1.2 Pore Size and Porosity Effect 
GDL porosity is a measure of the empty spaces in a GDL material. It has been found 
that GDL porosity impacts the fuel cell performance significantly (Lee et al., 1999). 
Since GDL make one side of the gas channel, it is necessary to account for its 
properties and their effect on liquid water behaviour in gas channels. In this section, 
the size of diffusion pores has been altered to change the porosity of the GDL and 
study its effect on liquid water behaviour. The size of the water injection pore has 
been fixed (Diameter = 50 µm), because water usually prefer larger pores to emerge 
into the gas channel, thus, only the size of the diffusion pores has been altered.  
The simulated pore sizes and their calculated porosity are given in Table ‎5-2, in 
addition to the droplet removal time. The case in which the porosity is lowest has the 
quickest droplet removal time, while the slowest removal time is the smallest radius 
case. The detachment time for the small pore size case is high, compared with the 
other case, which explains the slow removal time. The large pore size case reports a 
quick detachment time, however the droplet is subsequently very slow. The medium 
size pore case reports an average detachment time and an average droplet speed 
subsequently, which results in fast droplet removal time. 
The pressure drop comparison is presented in Figure ‎5-3a. A regular pattern can be 
seen here, in which the pressure drop increases when the pore size decrease. An 
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increase in pore size leads to an increase in the base size of the liquid droplet in 
contact with the GDL surface. This reduces the height of the droplet and lowers the 
droplet blockage in the channel. On the other hand, when the pore size is small, the 
base of the droplets in contact with the GDL is also small, which allows the droplet 
to grow taller meaning that it then blocks more of the gas flow in the channel. This 
explains the reason behind the high pressure drop in the small diffusion pores. 
Figure ‎5-3b shows the percentage of water occupying the channel. The smallest 
diffusion pore size case shows the highest percentage of water occupancy, while the 
largest diffusion pore size case shows the lowest percentage of water occupancy. The 
difference is about 1% in regard to the peak values. The size of the base of a droplet 
explains the percentages of water occupancy. When the base of the droplet is small, 
less water diffuses into the GDL, which allows water to occupy more of the channel; 
however, when the base of the droplet is large, more water is diffused into the GDL, 
which leads to less water occupying the channel. The percentage of water covering 
the GDL is given in Figure ‎5-3c. Because of the different droplet base sizes in the 
different cases, the small pore size case has the slowest percentage of water coverage 
of the GDL, while the large pore size case has the highest percentage of water 
coverage of the GDL. The change in porosity affects the base size (Figure ‎5-4) of the 
liquid droplet, which influences pressure drop, liquid water occupancy of the channel, 
and liquid water coverage of the GDL. 
Table ‎5-2: Values of pore radius and porosity with water droplet removal time. 
Pore radius [µm] / porosity 9-10 / 60.33 14 / 56.51 24 / 67.67 
Water droplet removal time 
[ms] 
2.43 2.27 2.36 
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Figure ‎5-3: a) pressure drop for different pore sizes, b) percentage of water 
occupying the channel for different pore sizes, and c) percentage of water covering 
the GDL for different pore sizes. 
c 
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Figure ‎5-4: A top view of the size of the base of a detached droplet toward the 
channel outlet for different pore sizes; left for large size diffusion pores, middle for 
medium size (base case) diffusion pores, and right small size diffusion pores. 
5.1.3 GDL Contact Angle 
The GDL wettability plays a significant role in the formation of liquid water (Turhan 
et al., 2010). The GDL wettability can be altered by varying the PTFE coating on the 
GDL surface. In this section, the impact of GDL wettability on liquid water 
behaviour in the presence of flow diffusion into the GDL has been investigated by 
changing the GDL static contact angle.  
The results show that hydrophobising the GDL surface at the gas channel interface 
reduces the liquid droplet removal time, Table ‎5-3. Hydrophobising the GDL 
increases the contact angle and reduces the droplet base area in contact with the GDL. 
This leads to greater force being exerted on the droplet, making it move faster (Zhu 
et al., 2008b). The base of the droplet widens as the contact angle decreases in 
addition to the slow movement of the droplet, which allows it to increase in size. 
Both actions allow the droplet to block more of the channel cross-sectional area, due 
to side-to-side droplet spreading. Greater blockage of the channel cross-sectional 
area increases the pressure drop, as can be seen in Figure ‎5-5a. Thus, a higher 
pressure drop is observed for lower contact angles, in the range of contact angles that 
were investigated. The percentage of water occupying the channel increases as the 
contact angle decreases, as shown in Figure ‎5-5b. This is because water spread on the 
GDL and occupy more of the channel before being removed. Water occupies more 
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than 8% at the lowest contact angle, while it occupies less than 5% at the highest 
contact angle. Likewise, the percentage of water covering the GDL is highest for the 
lowest contact angle, as shown in Figure ‎5-5c, which is expected to be due to the 
increase in wettability with the decrease in contact angle. The width of the droplet 
can be seen visually in Figure ‎5-6 where the droplet in the large contact angle 
scenario is noticeably larger in size compared to the smaller GDL contact angle. 
Table ‎5-3: Values of GDL contact angle with water droplet removal time. 
Gas diffusion layer contact angle 135° 115° 90° 
Water droplet removal time [ms] 2.27 3.79 12.17 
 
 
 
b 
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Figure ‎5-5: a) Pressure drop for different GDL contact angle, b) percentage of water 
occupying the channel for different GDL contact angle, and c) percentage of water 
covering the GDL for different GDL contact angle. 
 
 
Figure ‎5-6: A top view of the width of the droplet toward the channel outlet for 
different GDL contact angle; left for a GDL contact angle of 135°, middle for GDL 
contact angle of 115°, and right for GDL contact angle 90°. 
5.1.4 Water Inlet Velocity 
When the current density increases in a PEM fuel cell, a larger volume of water is 
produced in the cathode catalyst layer (Karimi et al., 2005). When water production 
increases, more water emerges into the gas channel with a higher velocity. In order to 
study the effect of change on current density, water inlet velocity needs to be altered. 
As stated in the inlet and boundary conditions section, the velocity assumption for 
the base case was based on a fuel cell running under high current density. Water inlet 
c 
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velocity has been reduced to investigate water droplet behaviour under medium and 
low current densities. The water inlet velocities that have been used in the study are 
1.0 m/s, 0.75 m/s, and 0.50 m/s. 
Water droplets exit the channel faster as the water inlet velocity increase, while the 
other boundary and inlet conditions are fixed, as shown in Table ‎5-4. As the inlet 
water velocity decreases, it takes a longer time for the droplet to reach a size where it 
can be detached from the GDL. High water inlet velocity reaches a detachable size 
quickly and detaches faster than lower water inlet velocity, which is removed slowly 
from the channel because of the slow growth. The highest pressure drop, as can be 
seen in Figure ‎5-7a, is to be slightly affected by water inlet velocity. The slowest 
water velocity calculated experiences a pressure drop of 295 Pa, while the highest 
water velocity calculated experiences a pressure drop of 325 Pa. Since water inlet 
velocity influences the speed of droplet removal, it also influences the speed of 
droplet formation. Water inlet velocity also influences water occupancy in the gas 
channel, as can be seen in Figure ‎5-7b. Meanwhile, liquid water occupies 4.75% of 
the channel during high water inlet velocity. A decrease in velocity to 0.75 m/s 
reduced maximum occupancy to 4.15% and a further decrease in velocity to 0.50 m/s 
reduced maximum occupancy to 3.21%. Furthermore, as the water droplet was 
getting removed, a water neck was formed between the droplet and the water inlet 
location, as can be seen in Figure ‎5-8. For a high water velocity liquid water covers 
more of the GDL, because a longer liquid neck was formed in comparison to the low 
water inlet velocity; thus, more water covers more of the GDL in the case of high 
water inlet velocity, as shown in Figure ‎5-7c.  
Table ‎5-4: Values of water inlet velocity with water droplet removal time. 
Water inlet velocity [m/s] 0.50 0.75 1.00 
Water droplet removal time [ms] 3.86 2.81 2.27 
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Figure ‎5-7: a) pressure drop for different water inlet velocity, b) percentage of water 
occupying the channel for different water inlet velocity, and c) percentage of water 
covering the GDL for different water inlet velocity. 
c 
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Figure ‎5-8: Droplet necking for different water inlet velocity; left for water inlet 
velocity of 0.50 m/s, middle for water inlet velocity of 0.75 m/s, and right for water 
inlet velocity of 1.0 m/s. 
5.1.5 Liquid Permeability (number and distribution of water inlets) 
Permeability is a property of the GDL that indicates the ability of a fluid to flow 
through it. A GDL with high liquid permeability allows liquid to flow through 
rapidly, so that liquid water might emerge into the gas channel from various 
locations. Therefore, liquid permeability affects the number and location of water 
injections into the gas channel. The base case of a single water injection in the centre 
has been compared with two cases of a double water injection, one case with both 
injections located at the centre of the channel, and the other case with one injection 
in the centre and another injection on the side nearest to the wall, as shown in 
Figure ‎5-9. 
 
Figure ‎5-9:  A top view of the different distribution of water inlets used in the study. 
Direction of air flow  
Direction of air flow  
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The speed of droplet removal can be seen in Table ‎5-5. The case with double 
injections in the centre reports the fastest water droplet removal time because the 
coalesced droplet is larger compared to the droplet size in the single injection case 
and is not attached to the wall, compared to the double injection case with one 
droplet near the wall. The large sized droplet blocks more of the channel, which 
allows the airflow to exert a greater shear force to move it along the channel. 
Furthermore, there is less resistance, due to viscous and surface tension forces, 
because the droplet is not spread along the wall. Liquid water location in the gas 
channel for different water inlet locations is presented in Figure ‎5-9. 
Figure ‎5-10a shows the pressure drop for different cases of liquid permeability. The 
case of two centred water injections has the highest pressure drop because the largest 
droplet forms in the middle of the channel, blocking the airflow. The case of double 
water injections with one on the side has a lower pressure drop, because liquid water 
spread into the wall as it get injected into the channel, however it returns a higher 
pressure drop than the single water injection case, because of higher water content in 
the channel. The single water injection in the centre case has the lowest pressure drop 
because of a single droplet being formed and is moved along the channel not 
blocking the channel as much as the other cases do. 
The percentage of liquid water occupancy is presented in Figure ‎5-10b. The case of 
two water injections, with one in the side, has the highest occupancy percentage, 
because it has the longest water removal time. Water emerges into the channel from 
two inlets and is spread on the walls rather than quickly removed out of the channel, 
thus it has the highest percentage of water occupancy at 10.5%. The case of two 
water injections in the centre returns a percentage of 8% of water occupancy, 
because it is quickly removed and does not spread onto the walls. The single water 
injection case has the lowest water occupancy percentage of 4.8%, because it has one 
water inlet with the droplets not spreading to the walls. 
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Figure ‎5-10: a) pressure drop for different water inlet locations, b) percentage of 
water occupying the channel for different water inlet locations, and c) percentage of 
water covering the GDL for different water inlet locations. 
c 
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The percentage of water covering the GDL for the different cases is presented in 
Figure ‎5-10c. The single water injection case returns the least coverage, because the 
GDL is only covered by the droplet base, which is small when compared to the base 
of the larger coalesced droplet, in the case of two water injections in the centre. The 
single droplet case covers a maximum of 9.3% of the GDL, while the double water 
injections in the centre case cover a maximum of 13%. The fluctuation in the latter 
case is attributable to the coalescence of droplets as water emerges into the channel. 
The double water injections case, with one inlet to the side, has the highest 
percentage of water coverage of the GDL of 16%. This is due to the rapid water 
spreading on the wall and accumulation at the GDL/wall corner. 
Table ‎5-5: Location of water injection with water droplet removal time. 
Number of injections 
/ Location 
Single injection 
/ centre 
Double injections 
/ centre 
Double injections 
/ centre and side 
Water droplet 
removal time [ms] 
2.27 1.99 2.67 
 
 
Figure ‎5-11: A top view of liquid water distribution for different water inlet 
locations; top for single inlet in the centre, middle for two inlets in the centre, bottom 
for one inlet in the centre and another in the side. 
Direction of air flow  
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5.1.6 Comparison with Non-diffusion Case 
Multiple studies have investigated water droplet’s behaviour without including the 
impact of flow diffusion into the GDL (Le & Zhou 2008; Le & Zhou 2009a; Zhu et 
al. 2007a; Zhu et al. 2008b; Zhu et al. 2010). In the previous sections we have 
conducted analysis on water droplet behaviour accounting for flow diffusion into the 
GDL. In this section, our results have been compared with some of the results 
obtained by Zhu et al. (2008b). Part of the reported study investigated the effect of 
GDL wettability and water injection velocity on liquid droplet behaviour. To obtain a 
close comparison, the points with similar boundaries and initial conditions were 
selected and arranged into a single figure. Figure ‎5-12a shows the comparison 
provided relative to the effect of GDL surface wettability. There is a slight difference 
in studies in regard to the calculated contact angles. In our study we selected 90°, 
115º, and 135° as the GDL surface contact angles while Zhu et al. chose 90°, 120º, 
and 140°. Although there is a slight difference in the results obtained, water volume 
fractions always decrease with an increase in GDL contact angles. Furthermore, 
Figure ‎5-12b shows the comparison of the effect of water injection velocity. There is 
a difference in the results, especially in the water percentage of channel occupancy. 
The rate of change in the percentage of water volume fraction differs; however, it 
constantly decreases as the water inlet velocity decreases. The difference in results 
might be attributable to the disagreement in GDL surface wettability, where the 
calculated GDL has a contact angle of 135° while the contact angle of the GDL in 
the reported study was 140º. In general, flow diffusion into the GDL may not be 
considered to understand liquid water dynamic behaviour according to the conditions 
considered in this study, because the results, of both with and without flow diffusion, 
reported similar patterns and very close values. 
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Figure ‎5-12: Comparison between the results of the current study and a study from the 
literature (Zhu et al., 2008b); a) different GDL contact angles, and b) different water inlet 
velocity. 
5.1.7 Summary 
In the current test case, different GDL properties were examined, namely, percentage 
of fluid diffusion into the GDL, diffusion pore sizes (i.e. porosity), GDL wettability 
(i.e. contact angle), water inlet velocity, and liquid permeability (i.e. number and 
distribution of water inlet pores). Moreover, the effect of flow diffusion was 
investigated and its effect on liquid water was studied by comparing results 
calculated in-house with flow diffusion, with results from a study reported in the 
literature without flow diffusion (Zhu et al., 2008b). A summary of the major 
findings of this test case are provided below: 
a 
b 
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 A decrease in the rate of flow diffusion led to an increase in pressure drop, 
even though there was no significant difference between 3.5% and 5% pore 
flow diffusion. 
 A decrease in the rate of flow diffusion increased the percentage of water 
saturation in the channel and water coverage of the GDL. 
 A decrease in diffusion pore size and GDL contact angle increased water 
saturation in the channel and created a pressure drop. However, decreasing 
the pore size decreased water coverage on the GDL while decreasing the 
GDL contact angle increased the water coverage. 
 A change in the location of the water inlets affect pressure drop, percentage 
of liquid water occupying the channel, and water removal time. 
 Having water inlets closer to side walls reduced the pressure drop across the 
channel, but increased the percentage of water saturation in the channel and 
slowed water removal from the channel because of liquid water accumulation 
in the GDL/wall corner. 
 The comparison of cases with and without flow diffusion into the GDL 
revealed the same pattern in terms of the percentage of water occupying the 
channel as the GDL contact angle is changed. Thus, flow diffusion has no 
significant effect on liquid water behaviour in a gas channel. 
 The percentage of water volume fraction was increased as the water inlet 
velocity increased for both cases with and without flow diffusion however the 
increase occurred at different rates, and could be attributed to the difference 
in GDL contact angles between the two cases compared. 
 
5.2 TEST CASE II 
In this Test case we examined liquid water behaviour in 5 different gas channel cross 
sectional geometries under flooding conditions, which was established by positioning 
three consecutive water inlets to introduce water into the gas channel. The 
geometries that were chosen for comparison were a square, triangle, semicircle, a 
trapezoid with a long base and a trapezoid with a short base, as presented in 
  71 
Table ‎3-1. These geometries were compared earlier by Zhu et al. (2010), with a 
single water inlet pore. The current comparison involves three water inlet pores 
because different flow patterns can be observed when water inlet pores are increased 
from single to multiple (Ding et al., 2010). The GDL surface of all the channels was 
chosen to be hydrophobic with a static contact angle of 135° while the wall surface 
was chosen to be hydrophilic with a static contact angle of 45°. The test case has 
been divided into two sections depending on how the geometries dimensions were 
chosen; i.e. geometries with a fixed Reynolds number and geometries with a fixed 
GDL interface and mass flow rate. 
5.2.1 Geometries with Fixed Reynolds Number 
Figure ‎5-13 shows the time evolution of liquid water for different cross sectional 
geometries with a fixed Reynolds number. Beaded droplets are formed for all 
geometries because of the hydrophobicity of the GDL. After 1.1ms, droplets 
emerging from the first two water inlets coalesce forming a larger droplet for all 
geometries. Later, the coalescence of water droplets emerging from all three inlets 
leads to droplets spreading onto the wall surfaces and channel blockage, depending 
on the geometry. For semi-circular geometry the droplet reaches the wall the fastest 
at ~1.5ms which leads to a pressure drop jump, as can be seen in Figure ‎5-14.  
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Figure ‎5-13: Time evolution of liquid water dynamic movement for gas channel geometries 
with fixed Reynolds number; semi-circle, triangle, trapezoid with long base, square, and 
trapezoid with short base. 
Because of the small area of semi-circular geometry and absence of corners in the 
hydrophilic wall, airflow builds up a high drag force that moves the whole droplet 
out of the channel, before the next coalesced droplet attaches to it. The second 
coalesced droplet is found to be smaller in size, because the droplet from the third 
water inlet pore is smaller at the time of coalescence than it is during the first 
coalesced droplet. A similar phenomenon occurred in the triangle and trapezoid with 
long base geometries. A lower number of corners and wide corners are the reasons 
behind the fast transportation of droplet in triangular and trapezoidal with long base 
geometries, respectively. Hence, three separate coalesced droplets can be seen clearly 
in each of the mentioned geometries. However, for the square and trapezoid with 
short base geometries, liquid water hysteresis and quick attachment of liquid water to 
the walls leads to the water filling the corners. 
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Quick liquid droplet transportation in a semi-circle, triangle and trapezoid with long 
base geometries led to a high peak pressure drop during the detachment of the first 
coalesced droplet, as can be seen in Figure ‎5-14. Lower peak pressure drops are 
shown by the square and trapezoid with short base geometries. High pressure drop 
peaks are due to slug flow, while low pressure drop peaks are due to film flow, 
which come to an agreement with Gopalan and Kandlikar’s observations (Gopalan & 
Kandlikar, 2013). 
 
Figure ‎5-14: Pressure drop for fixed Reynolds number scenarios. 
The accumulation of liquid water in the corners allowed stabilisation of the water 
saturation in the channels; allowing them to occupy a greater percentage of the 
channel, as shown in Figure ‎5-15. The semi-circular geometry means there is no 
angle along the wall. Although the saturation percentage was high, at 1.8ms, it 
dropped to a low point of 6% toward the end of the calculations. The triangle 
geometry clearly shows the lowest percentage of water saturation in the channel, as 
there was only one acute angle along the wall. Semicircle and triangle geometries 
occupy almost 6% of the channel. Next was the trapezoid with a long base geometry 
with 8% of channel saturation. The geometry appears to be close to a semicircle, 
with two obtuse angles along the walls. The square and trapezoid with short base 
geometries occupied 14% of the channel at the end of the calculations. The square 
has right angles and the trapezoid with short base has acute angles at the walls, which 
was observed to increase water accumulation and form film flows. According to the 
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findings of the percentage of water content in the channel, the cross sections of a 
square and a trapezoid with a short base are more suitable for self-humidifying fuel 
cell for there is high percentage of water allowed to be evaporated by the air flow to 
humidify the air. On the other hand, the other geometries might be more suitable for 
externally humidified fuel cell. 
 
Figure ‎5-15: Water saturation in the channel for fixed Reynolds number scenarios. 
Water GDL coverage varies for different geometries in the initial stages of water 
emergence. The semi-circular geometry has the lowest coverage at the initial 
emergence because of the swift attachment of water droplets to the wall. The 
decrease in water saturation and droplet size reduced the base of the droplet and the 
water coverage of the GDL for the triangle and trapezoid with long base geometries. 
For the square and trapezoid with short base geometries, liquid water hysteresis 
expedited the movement of water from the GDL surface to the wall surface, which 
was why the water coverage percentage decreased after the water initial emergence 
in these two cases. Overall, all geometries cover on almost very similar percentage of 
the GDL, i.e. 4%, at the end of the calculations. 
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Figure ‎5-16: Water GDL coverage for fixed Reynolds number scenarios. 
5.2.2 Geometries with Fixed GDL Interface and Mass Flow Rate 
The idea behind a fixed GDL interface and mass flow rate is to have a similar bipolar 
design in terms of fuel cell active area, bipolar plate thickness and air mass flow rate. 
Meeting these criteria required smaller cross sectional areas and a higher Reynolds 
number than those used in the fixed Reynolds number scenario. The dimensions for 
the different geometries were presented in chapter three (i.e. Table ‎3-1). 
Figure ‎5-17 shows the dynamic movement of liquid water in the different geometries 
calculated. Liquid water slugs are formed in the semi-circular and triangle cross 
sections and were removed without water accumulation in the channel. This was due 
to the high Reynolds numbers for these two geometries, which created a high air drag 
force moving the water slugs easily toward the channel outlet. Because the Reynolds 
number is greater for the semicircle geometry than for the triangular geometry, 
pressure drop was higher as well, as can be seen in Figure ‎5-18. The trapezoid with 
long base geometry shows water attachment to the side walls because of the lower 
Reynolds number than the triangle geometry. The air drag force was lower, which 
allowed water to attach to the walls. A lower Reynolds number led to a lower 
pressure drop and the water’s attachment to walls led to greater water saturation in 
the channel. Square and trapezoid with short base geometries led to water 
accumulation in the corners, because they have low Reynolds numbers that reduced 
air drag forces and allowed water to attach to the walls, leading to the lowest 
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pressure drop. The trapezoid with short base geometry returned the lowest pressure 
drop among all the calculated geometries. 
 
Figure ‎5-17: Time evolution of liquid water dynamic movement for gas channel geometries 
with fixed GDL interface and mass flow rate; semicircle, triangle, trapezoid with long base, 
square, and trapezoid with short base. 
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Figure ‎5-18: Pressure drop for fixed GDL interface and mass flow rate. 
Figure ‎5-19 shows water saturation in the channel for the different geometries. The 
speed of liquid water transportation in the channel and pressure drop was found to 
affect the percentage of liquid water accumulation in the channel. The geometries 
with the highest pressure drop led to the lowest water saturation percentages, while 
the ones with the lowest pressure drop returned the highest water saturation 
percentage.  
 
Figure ‎5-19: Water saturation in the channel for fixed GDL interface and mass flow rate. 
Figure ‎5-20 shows the water coverage of the GDL. The rapid water removal in the 
semi-circle and triangle geometries stabilised the percentage of water coverage. 
Although there can be seen a fluctuation, it remains in the same range. Slow water 
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removal in the trapezoid with a short base allowed the percentage to increase toward 
the end of the calculation. The parallelisation and hydrophilicity of the side walls in 
the square geometry pulled water away from the GDL reducing the percentage of 
coverage by occupying the upper corners. 
 
Figure ‎5-20: Water GDL coverage for fixed GDL interface and mass flow rate. 
5.2.4 Summary 
This test case aimed to examine the effect of channel cross section geometries on 
liquid water behaviour in a fuel cell gas channel, as the channel geometry was proven 
to affect droplet deformation and removal from the channel (Kumbur et al., 2006). 
Five geometries were compared, semicircle, triangle, square, trapezoid with a long 
base and trapezoid with a short base. The dimensions of the geometries were selected 
based on two scenarios; a scenario with a fixed Reynolds number and a scenario with 
fixed GDL interface and mass flow rate. The square geometry was chosen as the base 
for the comparison of all other calculations. A summary of the major test case 
findings is provided below: 
 Results from the five geometries were obtained (i.e. semicircle, triangle, 
square, trapezoid with a long base and trapezoid with a short base), where 
each one showed different liquid water motion and deformation in the gas 
channel. 
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 Liquid water accumulation depends partially on the existence of angles in the 
cross section geometry design where round and obtuse angles retain less 
water than acute (sharp) angles, where less water is retained in the semi-
circular geometry than the triangular one, and less water in a trapezoid with a 
long base than a trapezoid with a short base. 
 For the scenario of a fixed Reynolds number, water moved out of the channel 
more easily for the semi-circle and triangle compared to the other geometries; 
however, they experienced the highest pressure drop during the initial droplet 
coalescence. The square and trapezoid with a short base showed stable water 
saturation, while the others showed cyclical behaviour. 
 For the scenario for a fixed GDL interface and mass flow rate, the order of 
geometries, in terms of pressure drop from high to low was: semicircle – 
triangle – trapezoid with a long base – square – trapezoid with a short base. 
Almost the same order was obtained for water saturation in the channel from 
low to high, i.e. triangle – semicircle – trapezoid with a long base – trapezoid 
with a short base– square. 
 Square cross section geometry is a good option, because it showed stable 
water saturation in the channel, with an average peak pressure drop and low 
water GDL coverage for the fixed Reynolds number scenario. For the fixed 
GDL interface and mass flow rate scenario, the results of a square geometry 
had a low value among the remainder in terms of pressure drop and stable 
water saturation in the channel which makes it a possible option for self-
humidified fuel cell. Toward the end of the calculation, it showed the lowest 
value of water GDL coverage.  
 
5.3 TEST CASE III 
In the discussion of this test case, a series of computational results for the dynamic 
behaviours of a water droplet in gas channels with different combinations of wall and 
GDL wettability were shown first, followed by analysis of the observations of these 
simulations. Three different contact angles were chosen for the wall and GDL, to 
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represent a range of hydrophilic, moderate, and hydrophobic surface wettability. The 
contact angle geometrically defines the angle formed by a liquid at the boundary 
where liquid, gas and solid intersect. The selected contact angles are 45° for a 
hydrophilic surface, 90° for a moderate surface, and 135° for a hydrophobic surface. 
Changing the contact angle for the surfaces of both the GDL and wall results in 9 
combinations of GDL and wall wettability, as shown in Table ‎5-6, where the effect 
of wall wettability is presented for every GDL wettability calculated. As mentioned 
in the test case chapter, a hydrophilic GDL is not favoured in the fuel cell application 
and GDLs are generally moderate in wettability. 
Table ‎5-6: GDL and wall wettability combinations. 
           Wall 
GDL 
Hydrophilic 
45° 
Moderate 
90° 
Hydrophobic 
135° 
Hydrophilic 
45° 
Wall Ө = 45° 
GDL Ө = 45° 
Wall Ө = 90° 
GDL Ө = 45° 
Wall Ө =135° 
GDL Ө = 45° 
Moderate 
90° 
Wall Ө = 45° 
GDL Ө = 90° 
Wall Ө = 90° 
GDL Ө = 90° 
Wall Ө = 135° 
GDL Ө = 90° 
Hydrophobic 
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To quantify the effect of wall wettability on water droplet’s behaviour in gas 
channels, pressure drop along the channel has been plotted against a dimensionless 
time,‎ τ.‎ The‎ dimensionless‎ time‎ is‎ a physical time normalized by the time when 
liquid water exits the channel for a hydrophilic GDL and by the time when liquid 
water droplets start to exit the channel for moderate and hydrophobic GDL. It is 
different in the case of hydrophilic GDL, because in such a scenario a film layer is 
formed with no discontinuity, while discontinued droplets are formed in moderate 
and hydrophobic GDL scenarios. 
Furthermore, water saturation in the channel and water coverage of the GDL surface 
have also been plotted, as both affect water blockage and distribution in the gas 
channel, and GDL flooding, respectively. They are shown as a percentage of the total 
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volume of the channel and the total area of the GDL, and they are plotted against the 
dimensionless‎time,‎τ. 
5.3.1 Comparison of Number of Water Inlets 
A comparison of liquid water behaviour is conducted on different channels with a 
different number of water inlets, to evaluate the effect of number of inlets on liquid’s 
behaviour. In an operating fuel cell, water emerges into the channel from various 
locations in the GDL; as a result, water evolution and formation vary depending on 
the number of water inlets on the GDL surface. Liquid water encounters different 
behaviour when emerging from different inlets that are close to one another. The 
analysis compares 1, 2 and 3 water inlets with the inlets being 0.25 mm apart for the 
multi-inlets cases. All inlets have the same diameter of 50 µm. The chosen surface 
wettabilities are hydrophobic GDL and hydrophilic wall for the purposes of water 
inlet comparison. It has to be mentioned that this comparison is from a 
hydrodynamic point of view because increasing the number of water inlets while 
keeping the water velocity same for each inlet leads to more water in the channel. 
More water only results from operating the fuel cell under higher current density 
condition, which makes the three channels not comparable in terms of real fuel cell 
application. 
The evolution of liquid water in the channel for different water inlet scenarios is 
presented in Figure ‎5-21. In a single water inlet, the water droplet grows until it 
reaches a size where the flow shear force is able to detach it from its inlet. It can be 
seen that a neck is formed at t = 1.4ms before the droplet detaches. After the 
detachment, at t = 1.5ms, the water’s surface tension forces the base of the neck to 
form a droplet at the inlet, while the detached droplet starts moving toward the outlet. 
Because of the small size of the droplet and the straight gas flow, the droplet moves 
into the centre of the channel and does not come into contact with the side walls. In 
this scenario, the effect of wall wettability cannot be observed. When the first water 
droplet reaches the outlet, the water droplet growing at the inlet reaches a size where 
a neck forms again. The growth and formation of water droplets is repeated at the 
inlet. The size of the droplet at the inlet at t = 2.3ms and t = 3.5ms is the same, 
confirming a repeated cycle. 
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The growth of liquid water for two water inlets is the same for a single inlet; 
however, when the droplets detach in the two inlets scenario they coalesce, as in t = 
1.5ms. After coalescence, the droplet achieves a size that reaches the wall. The 
highest water blockage for the channel achieved at t = 1.6ms. Then, liquid water 
spreads along the walls, avoiding retaining at the GDL surface because of the 
wettability of the surfaces. Some liquid water droplet shapes at the inlets can be seen 
as repeated, such as in t = 1.5ms and 2.9ms, and in t = 1.6ms and 3.0ms. The 
evolution of liquid water for three water inlets is also presented in Figure ‎5-21. 
Coalescence and high cross-sectional blockages can be seen in t = 1.5ms and t = 
1.6ms, respectively. High water content, reaching and spreading on the wall can be 
seen in t = 1.8ms and t = 2.0ms respectively. Water accumulates at the upper wall 
and spreads slightly onto the side walls for two and three water inlets at 3.5ms; 
however, for the three water inlets, the water covers more of the walls than the two 
inlets case, because more water emerges into the channel. 
As a result, a channel with three water inlets was used to evaluate the wall wettability 
effect, because it has a maximum amount of water reaching the wall, which 
facilitates the evaluation of the effect of wall wettability. The scenario may not be 
accurate in terms of the details of a real water emergence into the gas flow; however, 
it is a close estimation, showing how wall wettability affects the pressure drop, water 
saturation in the channel and water coverage of the GDL in a flooded gas channel. 
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Figure ‎5-21: Time evolution of liquid water for channels with different number of water 
inlets; left for single water inlet, middle for two water inlets, right for three water inlets. 
5.3.2 The Effect of Wall Wettability on Hydrophilic GDL 
Figure ‎5-22 to Figure ‎5-24 show the time evolution of water’s movement for 
hydrophilic GDL. The low contact angle of the GDL allowed the liquid droplet to 
spread onto the surface (t = 0.2ms). Liquid water emerges into the channel from the 
three inlets until they coalesce (t = 0.7ms). Until liquid water reaches the walls, 
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droplet growth is the same regardless of wall wettability. For a hydrophilic wall, as 
in Figure ‎5-22, liquid water spreads over the wall as soon as it reaches it. From t = 
0.8ms to t = 1.7ms liquid water does not spread along the channel; however, it 
accumulates raising the level of the water in the channel until the airflow shear stress 
and pressure difference overcome the liquid water surface tension and viscous 
resistance ( t = 1.7ms). This is when the water starts moving, spreading along the 
channel at a constant rate until it starts leaving the channel at t ≈‎3.2ms.  
For a moderate wall, as in Figure ‎5-23 liquid water spreads less over the wall, 
because of the higher contact angle, reducing the liquid water’s surface tension 
which allows the airflow forces to spread the liquid faster than in the previous 
scenario (t = 1.4ms). After this, liquid water spreads along the channel at a constant 
rate until water starts leaving‎the‎channel‎at‎t‎≈‎3.1ms.  
A similar phenomenon occurred again for the hydrophobic wall (as presented in 
Figure ‎5-24), leading to water leaving‎ the‎ channel‎ at‎ t‎ ≈‎ 2.9ms. From the liquid 
water’s movement in each of the different wall wettability scenarios, one can expect 
high water saturation in the channel for the hydrophilic walls and a high pressure 
drop. 
 
Figure ‎5-22: Time evolution of the dynamic behaviour of water droplet in a channel with 
hydrophilic GDL and a hydrophilic wall. 
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Figure ‎5-23: Time evolution of the dynamic behaviour of water droplet in a channel with 
hydrophilic GDL and a moderate wall. 
 
Figure ‎5-24: Time evolution of the dynamic behaviour of water droplet in a channel with 
hydrophilic GDL and a hydrophobic wall. 
Figure ‎5-25 shows Pressure drop along the channel. The hydrophobic wall has the 
lowest pressure drop, while the moderate and hydrophilic have almost the same 
higher pressure drop. As mentioned previously, water hydrophilicity helped raise the 
level of water in the channel, reducing the size of the space available for the gas flow. 
This leads to a higher pressure drop for lower contact angles.  
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Figure ‎5-25: Time variation of pressure drop for gas channels with hydrophilic GDL and 
different wall wettability. 
Figure ‎5-26 shows water saturation in the channel for hydrophilic GDL cases. The 
percentage of water saturation increases as the wall’s contact angle decreases 
(hydrophobic to hydrophilic). The increase in saturation is greater from hydrophobic 
to moderate than it is from moderate to hydrophilic. An opposite pattern was found 
in the water coverage of the GDL. As the wall contact angle decreases, the coverage 
percentage decreases as well.  
 
Figure ‎5-26: Time variation of water volume saturation for gas channels with hydrophilic 
GDL and different wall wettability. 
A similar observation is made in the water coverage plot, as the change in percentage 
from hydrophobic to moderate is greater than from moderate to hydrophilic, 
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Figure ‎5-27. For the hydrophilic GDL, the pressure drop was in the range of 500 Pa; 
water saturation changed from 16 to 18.5%, and water coverage increased from 65 to 
75%. The change in wall wettability from hydrophobic to moderate is more 
significant than the change in wall wettability from moderate to hydrophilic. 
 
Figure ‎5-27: Time variation of water coverage ratio for gas channels with hydrophilic GDL 
and different wall wettability. 
5.3.3 The Effect of Wall Wettability on Moderate GDL 
The moderate GDL has a contact angle of 90°. Semi-spherical droplets formed at the 
locations where water emerged due to the contact angle, as shown in Figure ‎5-28 to 
Figure ‎5-30. The three droplets took longer to coalesce in a moderate GDL (t = 
1.0ms) than they did in a hydrophilic GDL. Before that time the water had not 
reached the wall, so wall wettability exerted no effect. At t = 1.3ms, the liquid water 
detached from the first water inlet and reached the wall. At this time, water in all 
wall wettabilities reached the wall surface, however water spreading on the wall vary 
according to the wall contact angle. Figure ‎5-28 shows water’s movement for a 
hydrophilic wall, which helped spreading the water on its surface, reducing water 
blockage in the channel. After 0.2ms (at t = 1.5ms) water detaches from the second 
water inlet and the shear stress starts to dominate the surface tension, moving the 
water toward the outlet of the channel, while spreading over the wall surface. Water 
droplets left the channel after 2.3ms, and some remaining liquid water accumulated 
on the wall because of its wettability. Figure ‎5-29 shows water’s movement for a 
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moderate wall. Less water can be seen on the wall at t = 1.3ms, which leads to more 
water blocking the channel. At t = 1.5ms water detaches from the second water inlet 
and starts moving toward the channel outlet. For a moderate wall, liquid water moves 
faster and‎leaves‎the‎channel‎at‎t‎≈‎2.2ms. Figure ‎5-30 shows water movement for a 
hydrophobic wall, where the water spreads less on the wall blocking more of the 
channel. Due to the high blockage that increases the pressure difference, water left 
the channel‎fastest‎at‎t‎≈‎2.1ms for the moderate GDL cases.  
 
Figure ‎5-28: Time evolution of the dynamic behaviour of water droplet in a channel with 
moderate GDL and a hydrophilic wall. 
 
Figure ‎5-29: Time evolution of the dynamic behaviour of water droplet in a channel with 
moderate GDL and a moderate wall. 
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Figure ‎5-30: Time evolution of the dynamic behaviour of water droplet in a channel with 
moderate GDL and a hydrophobic wall. 
Pressure drop for a moderate GDL, as illustrated in Figure ‎5-31, provides two peaks 
for all wall wettabilities, one before and one after 0.8. The first one helps with 
detaching the droplet from the second inlet and the other with detaching the droplet 
from the third inlet. The spread of water on the wall in the hydrophilic wall case 
helped reduce the pressure required to move the water droplet, compared to the 
pressure required for the hydrophobic wall case. On the other hand, when detaching 
the droplet from the third water inlet, the pressure needed to detach the droplet was 
higher in the hydrophilic case than for the hydrophobic case.  
 
Figure ‎5-31: Time variation of pressure drop for gas channels with moderate GDL and 
different wall wettability. 
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Figure ‎5-32 shows water saturation in the channel where the decrease in wall contact 
angle (hydrophobic to hydrophilic) led to an increase in the saturation percentage. 
Water coverage of the GDL, as shown in Figure ‎5-33 , shows that moderate walls 
have the highest percentage, while hydrophilic walls have the lowest percentage. The 
combination of moderate GDL and moderate wall helped increase the coverage area 
leading to a high coverage percentage, while the hydrophilic wall moves water 
toward the upper wall and away from the GDL surface. For a moderate GDL, the 
peak pressure drop ranged from 700 to 1000 Pa as the wall contact angle increased, 
the peak water saturation changed from 10.5 to 12% as the wall contact angle 
decreased, and the peak water coverage was between 34% and 37%. 
 
Figure ‎5-32: Time variation of water volume saturation for gas channels with moderate GDL 
and different wall wettability. 
  91 
 
Figure ‎5-33: Time variation of water coverage ratio for gas channels with moderate GDL 
and different wall wettability. 
5.3.4 The Effect of Wall Wettability on Hydrophobic GDL 
Figure ‎5-34 to Figure ‎5-36 show the time evolution of the dynamic behaviour of 
water droplets for cases of hydrophobic GDL, combined with hydrophilic, moderate, 
and hydrophobic walls, respectively. Compared with the hydrophilic and moderate 
GDL cases, the emerging water droplets tend to grow much more on the hydrophobic 
GDL surface for a smaller area of solid/liquid interface, where beaded liquid water 
droplets are formed. Therefore, airflow generates higher pressure difference moving 
the liquid water faster toward the channel outlet. Zhu et al. (2008b) have already 
showed the effect of GDL wettability on the speed of water removal; however in this 
study, wall wettability also has an effect on water removal. Hydrophobic GDL 
detaches water from the first water inlet at t = 1.5ms for all wall wettabilities. At t = 
1.6ms wall wettability starts to play a role in water behaviour in a gas channel, 
facilitating water to reach the wall surface at that time. GDL wettability allows water 
to reach the wall before water from the first two inlets coalesces with the water 
emerging from the third inlet. At t = 1.7ms, water from all the inlets coalesces. For a 
hydrophilic wall, as shown in Figure ‎5-34, water spreads over the walls and moves 
toward the upper wall and away from the GDL surface. The hydrophilic wall spreads 
the water rapidly over the wall surface because of the combination of GDL and wall 
contact angles, where water repelled from the GDL and became attracted to the wall 
surface, creating a large pressure drop. Afterwards, water spreading over the wall 
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reduces the blockage in the channel, and water moves slowly toward the channel 
outlet. The water droplet started to‎ leave‎ the‎channel‎at‎ t‎≈‎2.3ms. For a moderate 
wall, as presented in Figure ‎5-35, the water blockage at t = 1.7ms is less than for the 
hydrophilic wall case, due to the wall contact angle. However, water blocks more of 
the airflow in the channel and spread less on the walls, moving the water more 
swiftly toward the channel outlet. Water‎leaves‎the‎channel‎at‎t‎≈‎2.1ms. Figure ‎5-36 
shows water movement for a hydrophobic wall, where water blocks the centre of the 
channel that has repelled away from the wall creating a high pressure drop that 
moves the water toward the channel outlet. Water‎ leaves‎ the‎ channel‎ at‎ t‎ ≈‎ 2.0ms 
which is the fastest among the hydrophobic GDL cases, as no water remains 
accumulating in the channel walls.  
 
Figure ‎5-34: Time evolution of the dynamic behaviour of water droplet in a channel with 
hydrophobic GDL and a hydrophilic wall. 
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Figure ‎5-35: Time evolution of the dynamic behaviour of water droplet in a channel with 
hydrophobic GDL and a moderate wall. 
 
Figure ‎5-36: Time evolution of the dynamic behaviour of water droplet in a channel with 
hydrophobic GDL and a hydrophobic wall. 
Pressure drops show a very high value for the hydrophobic GDL, as shown in 
Figure ‎5-37. The combination of hydrophobic GDL and a hydrophilic wall has the 
highest value, at 18 kPa, because liquid water is repelled by the GDL and attracted to 
the wall, which leads to high coverage causing a very high pressure drop; however, 
in the next set of coalesced droplets, i.e. during the second cycle, the pressure is 
much lower. The accumulated water remaining on the wall assisted in expediting the 
  94 
spreading of water onto the wall, thereby reducing the pressure drop. Wall 
wettability has no effect on water saturation and water coverage, as all cases show a 
similar pattern, as can be seen in Figure ‎5-38 and Figure ‎5-39 . Furthermore, the 
water coverage has experienced the same order of maximum value as the moderate 
GDL cases for the same reason, which is that the moderate wall keeps the liquid 
water on the wall close to the GDL surface. Meanwhile, the hydrophilic wall moves 
water toward the upper wall, and the hydrophobic wall keeps the water in the centre 
of the channel away from the walls. For a hydrophobic GDL, the peak pressure drop 
increased from 2 kPa to 18 kPa when the wall wettability changed, the water 
saturation percentage shows a maximum value of 11%, and the peak water coverage 
changed from 15% to 25%, corresponding to the change in wall wettability. 
 
Figure ‎5-37: Time variation of pressure drop for gas channels with hydrophobic GDL and 
different wall wettability. 
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Figure ‎5-38: Time variation of water volume saturation for gas channels with hydrophobic 
GDL and different wall wettability. 
 
Figure ‎5-39: Time variation of water coverage ratio for gas channels with hydrophobic GDL 
and different wall wettability. 
5.3.5 Summary 
This test case focused on the initial stages of time evolution of liquid water in a 
straight gas channel, representing a fuel cell gas channel. Different wall and GDL 
wettability combinations were compared to understand the effects of wall wettability 
on the evolution and motion of liquid water, pressure drop, water saturation, and 
GDL coverage percentage; these were all investigated. The comparison was 
conducted by changing wall wettability for every GDL wettability. Three 
wettabilities were selected, covering hydrophilic, moderate and hydrophobic surfaces. 
A summary of the major findings of the test case are provided below: 
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 Wall wettability has a noticeable effect on the dynamic behaviour of liquid 
water in a gas channel. It plays a role in shaping the coalesced droplets in the 
channel and affects the removal time. The difference in removal time is 
almost identical, regardless of the GDL wettability. Changing the wall 
wettability from hydrophilic to hydrophobic reduces the removal time by 
0.3ms. 
 Changing wall wettability does not alter the pressure drop significantly in the 
case of hydrophilic GDL, the change is less than 100 Pa, while for the case of 
hydrophobic GDL the pressure drop altered by more than 6 kPa. 
 For hydrophobic GDL, changing the wall wettability had no effect on water 
saturation in the channel. For moderate and hydrophilic GDL, changing the 
wall wettability changed the water saturation in the channel by the same 
percentage, i.e. 1.5%. 
 Water coverage on the moderate GDL surface cases was not affected as much 
as the hydrophilic or the hydrophobic GDL surface cases, when wall 
wettability changed. The change in moderate cases was in the range of 5%, 
while for the other cases the change was around 10%. 
 
5.4 TEST CASE IV 
In the following discussion, a series of computational results for the dynamic 
behaviours of water droplets in a 90° bend gas channels with different combinations 
of GDL and wall wettability are shown first; these were followed by an analysis 
covering the observations of these simulations. Just like the previous test case, three 
different contact angles were chosen, 45°, 90°, and 135°, for the GDL and wall to 
represent a range of hydrophilic, moderate, and hydrophobic surface wettability, 
respectively. As mentioned in the test case chapter, a hydrophilic GDL is not 
favoured in the fuel cell application and GDLs are generally moderate in wettability. 
Table ‎5-6 shows the different GDL and wall wettability combinations chosen in the 
study. The effect of wall wettability is presented for each GDL wettability. 
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Unlike the test case for the straight channel, the effect of wall wettability on liquid 
water behaviour in gas channels has been plotted against the elapsed time. This is 
because of the effect of the water volume fraction in the channel after the droplet 
removal, as will be presented later. Results are shown for a total elapsed time of 
3.5ms. Pressure drop are plotted against time to show pressure losses due to liquid 
water’s presence in the channel. Furthermore, water saturation in the channel and 
water coverage of the GDL surface have also been plotted, because they affect water 
blockage and distribution in the gas channel, and GDL flooding, respectively. Water 
saturation and GDL coverage are presented as a percentage of the total volume of the 
channel and the total area of the GDL, respectively. 
Figure ‎5-40 shows the gas flow vector velocity at an early stage before it is affected 
by emerging liquid water. There are two locations where the gas flow do not have 
adequate force to remove water once it reaches it; that is, at the outer wall of the 
corner and at the inner wall after the bend. Thus, wettability should influence water 
accumulation and removal from these locations. Furthermore, gas flow tends to move 
liquid water toward the inner wall before the bend, according to the relevant velocity 
vectors. 
 
 
Figure ‎5-40: Vector plot of gas flow velocity at the bend. 
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5.4.1 Comparison of Number of Water Inlets 
A comparison of liquid water behaviour has been conducted on different channels 
with different numbers of water inlets, to evaluate the effect of the number of inlets 
on liquid’s behaviour. In an operating fuel cell, water emerges into the channel from 
various locations in the GDL; as a result water evolution and formation vary 
depending on the number of water inlets on the GDL’s surface. Liquid water 
encounters different behaviours when it emerges from different inlets positioned 
close to each other. The analysis compares 1, 2 and 3 water inlets being 0.25 mm 
apart. All inlets have the same diameter of 0.05 mm. The chosen surface wettabilities 
for the comparison are hydrophobic GDL and hydrophilic wall. It has to be 
mentioned that this comparison is from a hydrodynamic point of view because 
increasing the number of water inlets while keeping the water velocity same for each 
inlet leads to more water in the channel. More water only results from operating the 
fuel cell under higher current density condition, which makes the three channels not 
comparable in terms of real fuel cell application. 
The evolution of liquid water in the channel for different water inlet scenarios is 
presented in Figure ‎5-41. The growth and coalescence of water droplets is the same 
here as in the previous test case for the straight channel; however, a difference arises 
when liquid water reaches the bend. When there is a single water inlet the droplet is 
not large enough to reach the side walls before the bend, so it reaches the front wall 
of the bend just after 2.3 ms. The droplet splits into two, one part leaves the channel 
while the other part accumulate in the corner. The accumulated part occupies the 
upper corner of the bend because of the hydrophilicity of the wall and 
hydrophobicity of the GDL. Another detached droplet can be seen approaching the 
corner at t = 3.5 ms and it is most likely to repeat the same process of splitting into 
two parts with one part leaving the channel and another occupying the corner. 
Both cases of two and three water inlets have a large coalesced droplet that reaches 
the side walls before the bend. At the corner, liquid water splits between the inner 
wall and the outer wall of the bend. Moreover, the outer wall droplet splits into two 
where one part leaves the channel and the other accumulates at the upper corner, as 
in the one water inlet case. Both cases are similar in terms of water droplet 
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movement, considering the three inlets case has more water occupying the channel. 
As a consequence, a channel with two water inlets is used for the evaluation of the 
wall wettability effect, because the channel needs to be flooded, remembering that 
Ous and Arcoumanis (2007) reported that there are no water droplets formed in the 
corners, especially in a serpentine flow field. The scenario may not be accurate as 
regards the details of water’s emergence into the gas flow in reality; however, it is a 
close estimation that shows the effect of wall wettability on pressure drop, water 
saturation in the channel and water coverage of the GDL. 
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Figure ‎5-41: Time evolution of liquid water for 90° bend channels with different number of 
water inlets. 
The growth and coalescence of water droplets is presented in Figure ‎5-42 for 
different GDL wettabilities. The formation of beaded droplets can be observed for 
hydrophobic GDL where water blocks the majority of the channel’s cross section 
area, which leads to an anticipated high pressure drop. A lower pressure drop is 
expected when the GDL is moderate, due to the formation of semi-spherical droplets. 
The lowest pressure drop is expected when the GDL is hydrophilic because of the 
spread of water droplets on the GDL surface. High liquid water coverage is also 
expected for the hydrophilic GDL. 
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Figure ‎5-42: Growth and coalescence of liquid water at the inlets channels with different 
GDL wettability. A) hydrophobic GDL, B) moderate GDL, and C) hydrophilic GDL. 
5.4.2 The Effect of Wall Wettability on Hydrophilic GDL 
Figure ‎5-43 to Figure ‎5-45 show the time evolution of water movement for 
hydrophilic GDL. The low contact angle of the GDL allows liquid droplets to spread 
over the surface (t = 0.2ms). Liquid water emerges into the channel from the inlets 
until they coalesce, as seen at t = 0.8ms. Because gas velocity streamlines in a bend 
as was presented in Figure ‎5-40, liquid water moves toward the inner wall of the 
bend, which can be seen in t = 1.3ms and 1.4ms. According to wall wettability, liquid 
water spread on walls if they are hydrophilic (see Figure ‎5-43) and are repelled from 
the walls if they are hydrophobic (see Figure ‎5-45). Liquid water repellence and 
attraction to walls affects pressure drop, water saturation in the channel and water 
GDL coverage, as explained next. Moreover, the time for the water to exit the 
channel has been affected. For hydrophilic and moderate walls, liquid water leaves 
the channel at t ~ 1.4ms, while for hydrophobic wall it leaves at t ~ 1.25ms. Wall 
wettability affects the time water takes to start leaving the channel. 
 
Figure ‎5-43: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with hydrophilic GDL and a hydrophilic wall. 
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Figure ‎5-44: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with hydrophilic GDL and a moderate wall. 
 
Figure ‎5-45: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with hydrophilic GDL and a hydrophobic wall. 
The hydrophilicity of the GDL does not allow a beaded water droplet to be formed; 
however, liquid water spreads and forms a film layer that does not block the airflow, 
therefore pressure drop shows low values, as shown in Figure ‎5-46. Furthermore, the 
airflow in a bend forces the water film to attach to the inner wall of the channel so 
that water can exit from the inner wall of the bend. The hydrophilic wall has a higher 
pressure drop than the moderate and hydrophobic ones, because liquid water spreads 
over the wall and accumulates at the wall and GDL interface, as can be seen in 
Figure ‎5-43. On the other hand, hydrophobic wall repels water leading to less 
blockage, thus the pressure drop is less than in the other scenarios. 
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Figure ‎5-46: Time variation of pressure drop for 90° bend channels with hydrophilic GDL 
and different wall wettability. 
Water saturation in the channel for a hydrophilic GDL increases as time elapses; 
however, the rates of increase change after the water begins to leave the channel, as 
can be seen in Figure ‎5-47. For the hydrophilic wall, water saturation adjusts and 
levels up at the highest level from among the three scenarios, i.e. 10.5%, while the 
hydrophobic wall shows the lowest saturation of 8%. 
 
Figure ‎5-47: Time variation of water volume saturation for 90° bend channels with 
hydrophilic GDL and different wall wettability. 
An increase in wall contact angle, i.e. from hydrophilic to hydrophobic, accompanies 
an increase in water GDL coverage, as can be seen in Figure ‎5-48. Thus, the change 
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in wall wettability affects the pressure drop, water saturation in the channel and 
water GDL coverage. Some changes may not be significant, such as the change in 
pressure drop and water GDL coverage; however, this shows a difference 
considering the small dimensions of the channel. 
 
Figure ‎5-48: Time variation of water coverage ratio for 90° bend channels with hydrophilic 
GDL and different wall wettability. 
5.4.3 The Effect of Wall Wettability on Moderate GDL 
The moderate GDL has a contact angle of 90° so semi-spherical droplets are formed 
at the locations of the water inlets, as can be seen in Figure ‎5-49 to Figure ‎5-51. 
Coalesced droplets move closer to the inner wall of the bend, where water reaches 
the wall. Liquid water spreads high, reaching toward the upper wall and moving 
away from the GDL surface for the hydrophilic wall, as shown in Figure ‎5-49. Water 
from the first coalesced droplet accumulates at the inner wall of the bend moving the 
second coalesced droplet toward the outer wall of the bend. Then, water bridging 
occurs at the upper wall due to the hydrophilicity of the walls, moving the water 
away from the GDL surface. Liquid water experiences a similar movement for the 
moderate wall and hydrophobic wall (see Figure ‎5-50 and Figure ‎5-51), with a 
difference in the amount of water spread over the wall. The first coalesced droplet 
accumulates at the inner wall of the corner, pushing the second coalesced droplet 
toward the outer wall. For the hydrophilic wall, the first coalesced droplet starts 
leaving the channel at t = 1.95ms and remains in the upper corner until water 
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bridging occur. On the other hand, for moderate and hydrophobic walls, the first 
coalesced droplet is completely removed from the channel before the second droplet 
reaches the bend, at t = 2.7ms and t = 2.5ms, respectively.  
 
Figure ‎5-49: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with moderate GDL and a hydrophilic wall. 
 
Figure ‎5-50: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with moderate GDL and a moderate wall. 
 
Figure ‎5-51: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with moderate GDL and a hydrophobic wall. 
Pressure drop (see Figure ‎5-52) at the peaks is close to the values obtained for 
hydrophilic GDL; however, it decreases toward the end of the calculation, when the 
water content in the channel is close to stabilisation (see Figure ‎5-53). The pressure 
drop is highest for the hydrophilic walls because of the high percentage of liquid 
water occupying the channel and blocking the airflow, while the pressure drop is 
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lowest for the hydrophobic wall because of the low percentage of water saturation. 
GDL water coverage, as presented in Figure ‎5-54, is almost the same for the 
moderate and hydrophobic walls, with a percentage of 27%, while it is halved for the 
hydrophilic wall with a percentage of ~12%. 
 
Figure ‎5-52: Time variation of pressure drop for 90° bend channels with moderate GDL and 
different wall wettability. 
 
Figure ‎5-53: Time variation of water volume saturation for 90° bend channels with moderate 
GDL and different wall wettability. 
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Figure ‎5-54: Time variation of water coverage ratio for 90° bend channels with moderate 
GDL and different wall wettability. 
Moderate GDLs show lower pressure drops than hydrophilic GDLs, especially after 
liquid water starts to exit the channel. The water saturation percentage aimed to 
stabilise, increasing or decreasing, depending on the wall wettability. Water coverage 
of the GDL clearly stabilises in the case of the hydrophilic wall, covering half that 
covered in the other two cases. 
5.4.4 The Effect of Wall Wettability on Hydrophobic GDL 
The hydrophobicity of the GDL drives the liquid water to form beaded droplets. The 
time evolution for the dynamic movement of liquid water can be seen in Figure ‎5-55 
to Figure ‎5-57 for hydrophilic to hydrophobic walls. The behaviour of beaded 
droplets in a gas channel was explained in the previous test case; however, in a bend 
channel with hydrophilic walls, the coalesced droplets split into two, some are 
attracted toward the inner wall of the bend and the remainder are moved toward the 
outer wall of the bend. The part at the inner wall was completely removed from the 
channel, while the other part at the outer wall occupies the large surface area of the 
bend. For moderate and hydrophobic walls the entire coalesced droplet moves 
toward the outer wall of the bend and then splits into two parts, one part accumulates 
at the corner and the other gets removed from the channel via the air drag force. Less 
water accumulated at the corner in the hydrophobic wall case because of the high 
wall contact angle, which decreased the adhesion force, attaching the droplet to the 
wall. 
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Figure ‎5-55: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with hydrophobic GDL and a hydrophilic wall. 
 
Figure ‎5-56: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with hydrophobic GDL and a moderate wall. 
 
Figure ‎5-57: Time evolution of the dynamic behaviour of water droplet in a 90° bend 
channel with hydrophobic GDL and a hydrophobic wall. 
Because the beaded droplets were formed in a channel with a hydrophobic GDL, a 
higher pressure drop was anticipated, than with a channel with less hydrophobic 
GDLs. Furthermore, air drag force, because of the low adhesion forces attaching the 
liquid droplet to the surface, the beaded droplets were moved easily; thus frequent 
pressure drops should be expected, as the droplets coalesce and move along the 
channel. Figure ‎5-58 shows the phenomena just explained with the hydrophobic wall 
experiencing the lowest pressure drop, ~1800 Pa. This is due to the liquid water 
droplet not spreading over the walls and moving in the middle of the channel. 
However, water spreads on the walls when the wall is hydrophilic or moderate. The 
wall wettability enhances the spreading of the droplet over the wall causing high 
pressure drops. 
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Figure ‎5-58: Time variation of pressure drop for 90° bend channels with hydrophobic GDL 
and different wall wettability. 
The water saturation percentage, presented in Figure ‎5-59, clearly shows the effect of 
wall wettability, where the hydrophobic wall case returns a lower percentage than the 
hydrophilic wall case. This is clearly due to the easy water removal attributed to the 
wall contact angle. The moderate wall case returned the highest percentage, because 
it has the highest content of water accumulated at the corner. The entire droplet 
moved toward the outer wall of the bend where a great part accumulated in the 
corner.  
 
Figure ‎5-59: Time variation of water volume saturation for 90° bend channels with 
hydrophobic GDL and different wall wettability. 
Water coverage of the GDL is presented in Figure ‎5-60. Since the droplet is in a 
dynamic motion of formation and removal, the percentage of water coverage 
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fluctuates. For the hydrophilic wall case, the water accumulated on the walls from 
the first coalesced droplet helps reduce the GDL coverage in the second coalesced 
droplet by pulling water toward the upper corner via surface tension forces. The 
accumulated water in the bend for the moderate wall made it slower for the water of 
the second coalesced droplet to spread along the wall; thus, the coverage percentage 
increased. For the hydrophobic wall case, a longer droplet neck placed the majority 
of the liquid water in the centre of the channel reducing the second peak GDL 
coverage by 3%. 
 
Figure ‎5-60: Time variation of water coverage ratio for 90° bend channels with hydrophobic 
GDL and different wall wettability. 
Cyclical behaviour can be seen for the hydrophobic GDL cases, with frequent 
pressure drops and increases in GDL coverage. Wall wettability played a significant 
role affecting the percentage of water saturation in the channel. 
5.4.5 The Effect of Round Bends 
A sharp bend was studied as a base case for a channel with a bend. Next, the sharp 
bend was transformed into a round bend, to study the effect of bend radius on 
pressure drop, water saturation in the channel, and water coverage of the GDL. The 
bend in the channel was round using two techniques; the first technique involved 
setting the same radius for the inner and outer bends, and the second technique, 
setting a radius for the inner corner while maintaining the width of the channel. Both 
techniques are presented in the drawing in Figure ‎5-61.  
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Figure ‎5-61: Bend radius techniques. 
The first technique 
Results for a round bend using the first technique, where the radius is fixed for the 
inner wall bend and outer wall bend are presented in Figure ‎5-62. The two pressure 
peaks indicate that two sets of coalesced droplets formed and exited the channel. A 
radius of 0.05 mm shows the least peak pressure drop; i.e. 3000 and 2000 Pa for the 
first and second coalesced droplets respectively, which indicates that water block less 
of the channel during the process of water detachment and spreading on the wall. 
However, the channel with a radius of 0.20 mm showed the least percentage of water 
saturation in the channel, i.e. 8.25%, which means water moves fastest out of the 
channel with this radius. The channel with a 0.05 mm radius bend shows the highest 
water saturation at the second peak of water saturation and toward the end of elapsed 
time, 3.5 ms. For water coverage of the GDL, the channel with a sharp bend covered 
the most of the GDL, while the channel with a 0.05 mm covered less during the 
elapsed time, both with ~6% coverage at 3.5ms. However, toward the end of elapsed 
time, the GDL coverage percentage for channels with 0.10 mm and 0.20 mm radii 
fell below 6%. 
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Figure ‎5-62: Results obtained from calculations for 90° bend channels with round bends 
according to the first technique; a) pressure drop, b) water saturation of the channel, and c) 
water coverage of the GDL. 
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The second technique 
The second technique retains the width of the channel while rounding the bend. Its 
pressure drop, water saturation and water coverage are presented in Figure ‎5-63. 
Similar to water movement in the presence of a sharp bend, two coalesced droplets 
formed and exited the channel. However, for channels with 0.05 and 0.10 mm bends 
the detachment and movement of the first coalesced droplet did not cause a spike in 
the pressure drop. Although, the second coalesced droplet produced a spike in 
pressure drop for all cases, the channel with a bend radius of 0.20 mm had the lowest 
pressure drop in the second spike. 
The channel with a sharp bend had the lowest percentage of water saturation in the 
channel during the detachment of the first coalesced droplet while the channel with 
0.20 mm radius had the highest percentage, 8% and 9% respectively. During the 
detachment and movement of the second coalesced droplet the channel with a 0.10 
mm radius returned the lowest percentage of water saturation, i.e. 8%, while the 
remainder almost reported the same percentage, 10%. 
The percentage of water coverage of the GDL reduced from the first coalesced 
droplet to the second one. During the detachment of the first coalesced droplet there 
was a more significant difference in water coverage among the different channels, 
while during the detachment of the second coalesced droplet the difference was less 
significant, with closer values for water coverage. 
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Figure ‎5-63: Results obtained from calculations for 90° bend channels with round bends 
according to the second technique; a) pressure drop, b) water saturation of the channel, and 
c) water coverage of the GDL. 
Different techniques were used to round the sharp corner of the bend to evaluate the 
effect of bend roundness on liquid water behaviour. In general, the first technique 
reported close values for all of the calculated cases. The increase in sharpness 
showed a decrease in water percentage, when the sharp corner is disregarded. Also, 
comparing the extremes, the sharp corner with the 0.20mm bend, showed that the 
sharp corner accumulate more water in the corner. On the other hand, the second 
technique showed more differences among the results obtained. Although no 
significant order can be picked in terms of water saturation, water accumulation 
  115 
moved from accumulating in the corner to bridging in the upper wall, as can be seen 
in Figure ‎5-64. 
 
Figure ‎5-64: Liquid water accumulation in the channel for different techniques and 
roundness. 
5.4.6 Summary 
Similar to the last test case, this test case examined the effect of different wettability 
combinations of wall and GDL in a PEM fuel cell gas channel on the dynamic 
behaviour of liquid water droplets in a gas channel with a 90° bend. A sharp bend 
was used to draw a baseline for further investigations on real working fuel cell with 
bends of different radii. Two pores on a surface representing a GDL were used to 
introduce water into the channel. Three contact angles were chosen (i.e. hydrophilic, 
moderate and hydrophobic) to represent different wall and GDL wettabilities. 
Additionally, round bends with different radii were compared with the sharp bend for 
the hydrophobic GDL and hydrophilic wall case. A summary of the major findings 
of the test cases are provided below: 
 Hydrophilic and moderate GDL wettability have the same magnitude of 
pressure drop of below 500 Pa for the simulated scenarios, while hydrophobic 
GDL wettability shows a cyclic behaviour with a frequent pressure drop of 
~2000 Pa.  
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 The water volume fraction in the channel increased steadily until water 
started to leave the channel. For the hydrophilic GDL scenarios, the water 
continued occupying more of the channel. For the moderate GDL scenarios, 
water volume fraction levelled up according to the wall wettability. For the 
hydrophobic GDL, the water volume fraction showed a cyclical behaviour 
that depends on water droplets’ motion along the channel. 
 Hydrophilic and moderate GDL wettability showed similar patterns in water 
covering the GDL with various values for water coverage percentage. They 
showed an increase in water coverage until 1.5 ms then move to a steady 
value of GDL water coverage percentage. Hydrophobic GDL showed cyclic 
behaviour indicating liquid water’s formation and removal. 
 The effect of GDL wettability was found to be more dominant than wall 
wettability in all studied wettability combinations over all the analysed 
criteria; however, the influence of wall wettability is still important 
 All water volume fraction criteria showed less variation toward the end of the 
simulated time; hence one would expect a steady state to be reached after 3.5 
ms. Additionally, it was observed that the simulation reached a steady state 
earlier as the GDL wettability increases (becomes more hydrophilic). 
 
5.5 TEST CASE V 
Previous test cases focused on the emergence of liquid water into short channels and 
overviewed the initial stages of water introduction into the gas channel. However, 
liquid emergence into gas channels is continuous; thus, it is necessary to understand 
the effect of wall wettability, and air and water velocities on liquid water 
accumulation in a longer gas channel. Pressure drop and percentage of liquid water 
occupying the channel have been calculated after the percentage of liquid water 
stabilises, i.e. reaches a steady state. 
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5.5.1 Base Case 
The base case simulation has an air velocity of 10 m/s and a water velocity of 1 m/s. 
The bottom wall (GDL) is hydrophobic with a contact angle of 135°; while the other 
walls are hydrophilic, with a contact angle of 45°. Figure ‎5-65 shows the volume 
fraction for water occupying the channel during the simulated time frame of 10ms. 
Volume fraction is calculated by dividing the number of cells containing water by the 
total number of cells in the domain. It can be observed that at ~7.2ms the water 
volume fraction starts to stabilise and occupy 21% of the channel, as shown by the 
arrows in Figure ‎5-65. The water volume fraction after reaching the steady state is 
not constant, because water emerges into the channel continuously as long as there is 
an electrochemical reaction in the catalyst layer, and water droplet movement into 
the channel never stops.   
 
Figure ‎5-65: Volume fraction of water occupying the channel 
Air pressure drop is calculated at various locations along the length of the channel. 
Since the outlet might contain two phases, only the gas phase is considered in the 
outlet pressure calculation. The inlet pressure is subtracted from the outlet pressure to 
attain the pressure drop. Pressure drop is then plotted against the distance along the 
channel at various time steps. Figure ‎5-66 shows the pressure drop along the channel 
and along time. As the water content of the channel increases, the pressure drop 
along the channel also increases. Before water content in the channel reaches a 
steady state, air pressure drop is small, because of the low blockage of water in the 
channel due to less water content, i.e. 5ms and 6ms. As the water content in the 
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channel builds up and stabilises, reaching a steady state, air pressure drop enters the 
range of 4500 Pa. As mentioned earlier, water droplets found to continue moving 
along the channel. At 8ms the existence of a droplet at the outlet boundary of the 
channel causes an infrequent increase in pressure drop to 6000 Pa. For the presented 
wall and flow conditions, the water volume fraction in the channel reaches a steady 
state after 7.2ms, occupying an approximate 21% of the channel, and the air 
experiences a pressure drop in the range of 4500 Pa. 
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Figure ‎5-66: Air pressure drop along the channel for the base case. a) in three dimensions 
against time and distance along the channel, b) against distance along the channel for two 
time steps, and c) against time. 
The effect of different flow conditions and wall wettability are to be investigated in 
this test case. In consequence, the same routine conducted for the base case was 
repeated to calculate the time for the water content in the channel to reach a steady 
state, the percentage of water occupying the channel at steady state, and air pressure 
drop at a steady state. 
5.5.2 The Effect of Air Velocity 
Air velocity plays an effective role in controlling water content in PEM fuel cell gas 
channels. An increase in air velocity is beneficial because it increases the air shear 
stress, which has the potential to move water droplets along a gas channel so that 
water removal becomes easier. The base case air velocity was increased and 
decreased by 50% to investigate the effect of air velocity on the water’s steady state 
parameters, as studied in the previous section. 
Figure ‎5-67 visualise water accumulation at steady state for a low air velocity (vair 5 
m/s) and high air velocity (vair 15 m/s). For the low air velocity (Figure ‎5-67a), water 
accumulates on the wall surfaces and spreads over the wall to a point before the first 
water inlet, because water adhesion forces overcome the air drag force. However, a 
low pressure drop is expected because of the low air velocity. Meanwhile, air can be 
seen moving the water effectively where there is high air velocity (Figure ‎5-67b). 
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Water can be observed to accumulate in the second half of the channel. Pressure drop 
could be higher for low air velocity, because liquid water occupies more of the cross 
section area and obstructs the airflow; in contrast, pressure drop could be higher in 
the case of high air velocity, because of the high airflow. It is found that the effect of 
airflow rate is more dominant than the effect of airflow cross sectional areas on air 
pressure drop.   
 
Figure ‎5-67: Liquid water behaviour after steady state for different air inlet velocity; a) vair 5 
m/s and b) vair 15 m/s 
Figure ‎5-68 shows that water occupies less of the channel as the air velocity 
increases. An increase in air velocity accompanies an increase in flow rate, which 
allows greater forces to be applied on liquid water to remove it out of the channel. 
Liquid water occupies 30% at low air velocity, while it occupies only 16% at high air 
velocity. On the contrary, the decrease in water content in the channel was 
accompanied by an increase in pressure drop. Slow air velocity has a 3.5 kPa 
pressure drop, while fast air velocity has a 5.4 kPa pressure drop. The normal 
expectation is that higher velocity leads to a higher pressure drop, which is the case 
in the present scenario, where liquid water content in the channel has less significant 
effect compared to the effect of air velocity on pressure drop. On the other hand, the 
quick removal of water from the channel led to faster achievement of a steady state. 
A steady state was achieved after 10.2 ms at low air velocity, while it was achieved 
after 7.1 ms at high air velocity. 
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Figure ‎5-68: The values of water percentage occupancy after steady state, air 
pressure drop after steady state, and time to reach steady state under various air 
velocities 
5.5.3 The Effect of Water Velocity 
To study the effect of water velocity on the steady state parameters of water content 
in the channel, and pressure drop in addition to the duration to reach a steady state 
the water velocity of the base case was increased and decreased by 50%. All other 
conditions remain the same as the base case. 
The increase in water velocity is attributable to a fuel cell running under high loading, 
this action results in higher water generation according to an electrochemical reaction. 
Water accumulating in the channel increased; this required a visual comparison as 
shown in Figure ‎5-69. The increase in water content affected the cross section area 
the air was flowing into. With a constant air velocity, pressure drop depends only on 
the area the water is flowing into, as well as unavoidable friction losses. Higher 
current density increases the amount of water flowing into the channel and increase 
pressure drop (Hussaini & Wang, 2009); thus, the appropriate current density should 
be studied for a fuel cell before running it. 
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Figure ‎5-69: Liquid water behaviour after steady state for different water inlet 
velocity; a) vwater 0.5 m/s and b) vwater 1.5 m/s 
When water velocity increased, so did the liquid water’s occupancy of the channel, 
as shown in Figure ‎5-70. Liquid water occupancy increased from 14% to 22% as 
water velocity increased from 0.5 m/s to 1.5 m/s. The rate of increase in occupancy 
from 0.5 m/s to 1.0 m/s differed considerably compared to the rate of increase from 
1.0 m/s to 1.5 m/s. This might be attributed to maximum saturation in the channel at 
this specific wall and GDL wettability combination, and air velocity. The Pressure 
drop increased with the increase in water velocity, because of the rise in water 
occupancy in the channel. There is less space for air to flow through when water 
occupies more of the channel. The reduction in the airflow over the cross sectional 
area led to a drop in pressure toward the end of the channel, which makes the 
pressure drop increase. There was no increase in pressure drop when the water 
velocity increased from 0.5 m/s to 1.0 m/s. At low velocity, liquid droplets were 
formed and blocked the airflow before it became detached, while for the higher 
velocity, the droplets growth and detachment was faster and blocked the airflow after 
it became detached from its source, when it was already on the wall surfaces. 
Pressure drop increases from 4.5 kPa to 7.5 kPa when water velocity increases from 
1.0 m/s to 1.5 m/s. The increase in pressure drop was due to more liquid water 
accumulating on the wall surfaces, blocking more of the cross section area of the gas 
channel. Time to reach a steady state was affected by the increase in water velocity. 
At water velocity of 0.5 m/s water required 9.8 ms to reach a steady state, while at 
1.5 m/s water needed 6.3 ms to reach a steady state. The relationship between water 
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inlet velocity and detachment time was explained in the literature (Zhu et al., 2008b), 
as slow water velocity leads to a longer detachment time and vice versa. Detachment 
time affects the time taken to reach a steady state, which is why it takes longer for 
slow water velocity and less time for faster water velocity. 
 
Figure ‎5-70: The values of water percentage occupancy after steady state, air 
pressure drop after steady state, and time to reach steady state under various water 
velocities 
5.5.4 The Effect of Wall Wettability 
To study the effect of wall wettability on water content in the channel, and pressure 
drop at a steady state, and time taken to reach a steady state the wall wettability, 
explained in Figure ‎5-71, was decreased to consider a moderate wettability wall 
(𝜃 = 90°) and a hydrophilic wall (𝜃 = 45°). The inlet conditions for air and water 
remain the same as the base case, where the wall is hydrophobic (𝜃 = 135°). 
 
Figure ‎5-71: Wettability contact angle 
Water occupancy of the channel after reaching a steady state under different wall 
wettabilities can be seen in Figure ‎5-72. The hydrophobicity of the walls prevented 
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water from attaching and spreading over it. Coalesced water droplets were closer to 
their source and were also close to the GDL surface. Water slugs can be seen in the 
figure. This scenario can keep the channel dry, compared to the following scenarios, 
and allow water to be retained at the GDL for MEA humidification. In the case of the 
moderate walls, because the walls are more hydrophilic than the GDL, coalesced 
water droplets were attached and spread over the walls and away from the GDL. 
Water slugs were formed in the moderate wettability wall but accumulated away 
from the GDL. This scenario can pull water away from the GDL and continually 
dehydrate it, making it easier for the air to remove water from the channel. Hence, air 
can be relatively dry if water were to evaporate and humidify the air. The hydrophilic 
walls facilitate water attachment and spreading on the wall, keeping it away from the 
GDL at the same time. Coalesced water droplets can form film layer on the walls and 
increase the chance of humidifying the airflow if water were to evaporate. 
Furthermore, water film can occupy more of the channel cross-section and decrease 
the area the air is able to flow into, which increases the drop in air pressure between 
the inlet and the outlet. 
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Figure ‎5-72: Liquid water behaviour after steady state for a) hydrophobic wall, b) 
moderate wettability wall, and c) hydrophilic wall 
Figure ‎5-73 shows the effect of wall wettability on water’s behaviour in gas channels. 
The percentage of water occupancy in the channel fell by 50%, when changing the 
wall wettability from hydrophilic to hydrophobic. Liquid water occupies 21% of the 
channel in the hydrophilic wall scenario, while it occupies only 11% in the 
hydrophobic wall scenario. The pressure drop also decreased as the wall wettability 
was changed toward hydrophobicity. The pressure drop was 4.5 kPa for the 
hydrophilic wall and 3.5 kPa for the hydrophobic wall. This drop might be associated 
with water content in the channel, because as the wall becomes more hydrophobic 
the water content in the channel becomes reduced and blocks less of the airflow in 
the channel. Less air blockage reduces the air pressure drop. Wall hydrophobicity 
allows a steady state to be reached faster than wall hydrophilicity, because less water 
can be accumulated at the walls. Hydrophilic wall reach a steady state after 7.2 ms, 
while the hydrophobic wall reached a steady state after 5.9 ms. It was observed that 
the rate of change from hydrophilic to moderate wall scenarios is the same as the rate 
from moderate to hydrophobic wall scenarios for all parameters studied (i.e. time to 
reach a steady state, water occupancy at a steady state, and pressure drop at a steady 
state). 
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Figure ‎5-73: The values of water percentage occupancy after steady state, air pressure drop 
after steady state, and time to reach steady state under various wall contact angles 
5.5.5 Summary 
This test case was conducted with the aim of studying liquid water’s accumulation 
under extreme flooding conditions in part of a cathode channel under various 
operating and boundary conditions; i.e. air velocity, water velocity and wall 
wettability. Various conditions were compared, based on the percentage of water 
occupancy after a steady state, the time to reach a steady state, and air pressure drop 
after reaching a steady state. A steady state is reached when the percentage of water 
occupying the channel stabilises. A summary of the major findings of the test case 
are provided below: 
 The increase in air velocity reduced the percentage of occupancy and the time 
to reach a steady state, but increased the air pressure drop. The pressure drop 
was expected to increase with the increase in water volume occupying the 
channel; however, pressure drop due to the increase in air velocity was 
dominant. Furthermore, parasitic losses increased as the pressure drop 
increased. If the gain in voltage output is small, as in the case of an air 
velocity increase, then it should be avoided.   
 An increase in water velocity accompanies a rise in the percentage of water 
occupancy and pressure drop; however, the time to reach a steady state 
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declined. The increase in water velocity is mainly dependant on fuel cell 
voltage output and operating conditions. 
 All the criteria studied decreased with the increase in wall contact angles. 
According to the results of GDL wettabilities used in the test case, moderate 
to hydrophobic walls are suitable for quick water removal, while hydrophilic 
wall is suitable if water is preferred to remain in the channel for self-
humidification purposes. 
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CHAPTER 6. CONCLUSION   AND 
RECOMMENDATIONS FOR FUTURE WORK 
 
In this thesis, a two-phase flow was investigated in a PEM fuel cell gas channel 
environment to help understand the effect of liquid water dynamic behaviour on flow 
characteristics. Factors tested affect fuel cell performance and operation. These 
characteristics include pressure drop, water saturation in the channel and water GDL 
coverage. Different test cases were compared overlooking various GDL conditions, 
surface wettabilities, fuel cell operating conditions and cross-sectional geometries. 
The investigation was conducted using CFD calculations employing the VOF 
method for its capability to track and locate the interface between different fluids; i.e. 
air and liquid water. Different test cases were studied in the thesis. The first test case 
examined the effect of GDL properties mainly to show the effect of flow diffusion 
into the GDL on liquid water behaviour in a gas channel. Once the effect was 
distinguished, different geometries were compared to find a suitable one to convey 
the wettability calculations. After this, the effect of wall wettability on liquid water 
behaviour was examined for different GDL wettabilities for straight and 90° gas 
channels. Finally, water accumulation in a gas channel was investigated for different 
air and water inlet velocities and various wall wettabilities. 
6.1 CONCLUSION 
From the numerical results produced for different test cases, the following 
conclusions have been drawn to represent the knowledge contribution of the study. 
 Flow diffusion into the GDL was simulated to analyse its effect on liquid 
water movement in a gas channel. Changing the rate of flow diffusion 
affected water saturation in the channel; thus, pressure drop was also affected. 
Changing the diffusion pore size also affected water saturation in the channel. 
These parameters represent the GDL gas diffusivity and porosity, 
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respectively. The results were compared with the literature to monitor the 
influence of flow diffusion, and it was found that it had no significant 
influence, especially on liquid water transportation. Thus, general liquid 
water behaviour analysis in a PEM fuel cell gas channel could be conducted 
without adding the flow diffusion to the GDL. 
 Liquid water behaviour was studied for different cross sectional geometries; 
namely, semicircle, triangle, square, trapezoid with a long base and trapezoid 
with a short base. The design of cross sectional geometry was found to affect 
liquid water movement and accumulation in the channel. Two approaches 
were used to set the dimensions of the geometries, a fixed Reynolds number 
approach and a fixed GDL interface and flow rate approach. Liquid water 
tends to favour corners and move out of the channel faster if there are no (or 
less) corners. When comparing pressure drop and water saturation in the 
channel for various geometries, the square cross section was found to be an 
optimised design, having middle values of both, pressure drop and water 
saturation in the channel. 
 Straight and bend channels were simulated with different wall and GDL 
wettability combinations to observe liquid water behaviour. Changing the 
GDL wettability affected the flow pattern in the channel where hydrophilic 
GDL resulted in a film flow, and a slug/droplet flow was formed when the 
GDL was moderate, and droplet flow was the result of a hydrophobic GDL.  
 For a straight channel, liquid water in the film flow covered a high percentage 
of the GDL surface, which was unfavourable in an operating fuel cell, 
however liquid water covered less of the GDL in the slug/droplet flow. For 
the droplet flow, liquid droplets caused a higher pressure drop, but covered a 
minimal portion of the GDL surface and provided the fastest water removal. 
For hydrophilic GDLs, wall hydrophobisation had an insignificant effect on 
pressure drop, but decreased water saturation in the channel and increased 
water coverage of the GDL. For moderate GDLs, wall hydrophobisation had 
a more significant impact on pressure drop by increasing the peak drop, 
decreasing the water saturation in the channel and increasing water coverage 
of the GDL. For hydrophobic GDLs, wall hydrophobisation decreased the 
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pressure drop significantly having no effect on the maximum percentage of 
water saturation in the channel. 
 For bend channels, the bend allowed an extra wall surface area at the outer 
end of the bend to be occupied by water. However, for hydrophilic GDLs, 
water exits the channel from the inner wall of the bend not reaching the 
additional surface area. Nonetheless, wall hydrophobisation decreased water 
saturation and increased water coverage of the GDL. For moderate GDLs, 
liquid water occupied the extra wall surface toward the end of calculations for 
all wall wettablities. Wall hydrophobisation had a dramatic impact on water 
coverage of the GDL. For hydrophobic GDLs, water occupied the extra wall 
surface for all wall wettablities; however, water is only retained in the bend 
when wall wettability is moderate or hydrophilic. Wall wettability affected 
pressure drop, water saturation in the channel and water coverage of the GDL. 
Furthermore, round bends affected pressure drop and water saturation in the 
channel when the width of the channel is fixed along the bend. 
 Water accumulation was compared for various air and water inlet velocities 
and different GDL wettablities. Increasing air inlet velocity reduced water 
saturation in the channel, and increased air pressure drop. Increasing water 
inlet velocity increased air pressure drop due to the increase in water 
saturation in the channel. Water stabilised faster as the water velocity was 
increased. Changing wall wettability to hydrophobic did not only decrease the 
water saturation percentage and affect the time taken for water to stabilise, it 
also changed the type of liquid flow from slug flow near the GDL to film 
flow at the walls. 
The following recommendations are made based on the conclusion of this work to be 
used in the PEM fuel cell design. The square and trapezoid with long base cross 
sectional designs had the average values of pressure drop. The square cross section is 
more suitable for self-humidified fuel cell for their higher percentage of water 
saturation in the channel. Furthermore, results for the square cross section show that 
a combination of hydrophobic GDL and hydrophilic wall facilitate the formation of 
liquid film layers on the walls, which are helpful for self-humidified fuel cells where 
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air evaporate the accumulated water on the walls and humidify the flow. On the other 
hand, a combination of hydrophobic GDL and a moderate wall facilitate water slug 
formation with less amount of water accumulated in the channel, which is more 
suitable for an externally humidified fuel cell.  
6.2 RECOMMENDATIONS FOR FUTURE WORK 
 Accounting for contact angle hysteresis: Even though static contact angles 
gave a good estimate of the effect of surface wettability behaviour, 
accounting for contact angle hysteresis would provide more accurate results 
detailing the effect of surface wettability on liquid water behaviour. 
 Study water accumulation in a bend: Studying the effect of wall wettability 
and air and water velocities on liquid water accumulation in a bend channel is 
important to acquire a thorough understanding of water accumulation in 
straight and bend channels for their combination make various bipolar plate 
configurations. 
 Real water inlet velocity: air velocities used in the calculations were 
estimated for fuel cells with high current density; however, more realistic 
velocities could be obtained if the GDL were to account for the amount of 
oxygen at the surface, and calculate the amount of water generated 
accordingly. 
 Categorise flow regimes according to wettability combinations: Study more 
combinations of wall and GDL wettability to produce a flow map that 
categorises the flow regime (e.g. slug flow, droplet flow, or film flow) 
according to the wettability combination. 
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